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This book exhibits an entirely modem graphical treat- 
ment, by the method of influence lines, of simple statically 
determinate structures such as bridges and roof-trusses, 
three-hinged arches, cantilevers, and other constructions 
of the same general class. The simplicity, elegance, and 
generality of procedures by influence lines and areas afford 
quick and eminently practical methods of computir^ 
stresses in all forms of trusses, whether with straight, 
curved, or broken outlines and with any single or multiple 
systems of bracing, whether square or skew, or with any 
manner of loading whatever. The ease and clearness 
with which the greatest stresses, both main and counter, in 
web and chord members, may be determined for any 
specified system of loading has already brought the treat- 
ment into general use in practical structural design. Taken 
as a whole the method commends itself not only as a 
simple universal system of analysis, but also as a remark- 
ably labor-saving means of making computations in struc- 
tural work. Some knowledge of elementary algebraic 
methods, including the method of moments or sections, 
is required, but nothing more. 

The graphical method of finding the deflections of all 
points of trusses and other structures, given in Chapter V, 
has also marked advantages of extreme simplicity, gen- 
erality, and saving of labor, when compared with the alge- 
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IT PREFACE. 

braic method. The efEect of the strain in every member 
of the structure has its proper place and value in the final 
result, thus securii^ complete accuracy. 

The reader of the book will find that the methods of 
treatment set forth in it cover plate girders and solid 
beams, as well as articulated or jointed structures like 
ordinary bridge- and roof-trusses. The stresses in roof- 
trusses caused by the fiexiure of the supporting columns 
are treated in detail. 

Sufficient problems are introduced to illustrate clearly 
the practical applications of the various methods of treat- 
ment, but it should always be borne in mind that the 
greatest advantage will accrue to those students who work 
out original problems and make independent practical 
applications. 

The same general observations hold in connection with 
the complete design of the members of a railroad bridge 
given at the end of the book, to which, in the determination 
of the stresses, the previously deduced methods are applied. 

The application of these lines to statically indeter- 
minate structures, such as two-hinged and fixed ended 
arches, swing bridges, suspension bridges, and certain 
types of cantilevers, will appear in another volume. 

W. H. B. 
M. S, F. 
CoLCKBiA UmvEBsmr, February 2, 1905, 
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GRAPHIC METHODS FOR BRIDGE AND 
ROOF COMPUTATIONS. 



CHAPTER I. 

GENERAL PRINCIPLES OF GRAPHIC STATICS, AND APPLI- 
CATION TO ROOF-TRUSSES. 

Graphic statics is an adaptation of graphical methods 
to the study of statics, so that the values of quantities 
otherwise found algebraically may be determined by the 
aid of geometrical digrams or figures. 

Art I.— DefinitionB. 

A force is completely known when its magnitude, 
direction, and point of application are given, but the line 
of action without the point of application is generally 
sufficient. So far as any problems in statics are concerned, 
a force may be considered as acting at any point along 
its line of action. The location of the point of application 
of a force affects only the material upon which the force 
acts. 

The magnitude, direction, and Kne of action of a force 
may be represented by a straight line, the length of the 
line representing the magnitude by a proper scale. The 
pointing of the line with an arrow-head, or a proper reading 
of the letters placed at the ends of the hne, will indicate 
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a GRAPHIC STATICS. Ch. I. 

the direction of the force. In F^. i the force P acting 
in the direction of the arrow mtat be read ab and not ba. 

Forces may be coplanar or non-coplanar, and either 
concurrent or non-concurrent. Coplanar forces have lines 
of action all in one plane, while non-coplanar forces may 
have lines of action anywhere in space; for the present 
the latter will not be considered. Concurrent forces have 
lines of action all meeting in a point, but the lines of action 
of non-concurrent forces do not meet in a single point. 

The resultant of any system of forces is a single force 




which, having the same effect as to equilibrium or motion 
as the system itself, may replace it. 

In accordance with the principles of composition and 
resolution of forces, if Pi and P^ (Fig. 2) are two concur- 
rent forces acting at A in the directions BA and CA re- 
spectively, and if Pa be transposed so that CA becomes 
the side DB of the triangle ABD, then will DA represent 
the resultant in magnitude and direction with its point of 
application at A. 

It is seen that in following around the sides of the 
triangle, the resultant must be taken in a direction opposite 
to that of its component forces. The forces AB and AC 
are said to be the components of the force AD, and by 
drawing other triangles upon AD as a base an indefinite 
number of pairs of other components may be found. Com- 
ponents are called rectangular when they are at r^ht 
angles with each other. It should be carefully noted that 
the direction of a force is always given by the proper 
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ART. 3.] RESm.TMT OF ANY NUMBER OF FORCES. 3 

reading of the letters placed at the ends of the line repre- 
senting it. 

Art 3.— Resultant of any Number of Forces. 

The method of folding the resultant of two concurrent 
forces is easily adapted to finding the resultant of any 
number of concurrent forces. Let the forces Pi, Pa, 
P3. . . Pt (Fig. 3) act at A, and let them be transferred 
to Fig. 4, so as to form the sides of the polygon BCD. . . , 
the forces being directed around the polygon in the same 
way. It is seen that Ri is the resultant of Pi and Pa, 
its direction in the triangle BCD being from BtoD. Simi- 







larly i?a is the resultant of i?i and P3, and finally R or BF 
is the resultant of all the given forces, and it acts in a direc- 
tion opposite to that of the other sides of the polygon. 

In order to find the resultant of any number of con- 
current forces, it is necessary only to lay down the forces 
as the sides of an open polygon, their directions following 
around the polygon in the same sense. The closing side 
of the polygon -will then represent the resiiltant in m^ni- 
tude and its direction must be opposite to that of the 
other forces. The polygon may have re- ntrant angles, 
or the sides may cross, but the form of the figure does 
not affect the result. The order in which the forces are 
laid down is also a matter of indifference, but to avoid 
confusion they are usually taken consecutively about any 
point. 
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4 GRAPHIC STATICS. {Ch. I. 

A force may be held in eqtulibrium by another force, 
equal to it in magnitude and having the same line of action, 
but opposite in direction. Therefore if the direction of 
the resultant foimd in Fig. 4 be reversed, the system of 
forces will be held in equilibriiun by FB, since FB exactly 
balances BF. Any system of concurrent forces, therefore, 
is in equilibrium if the separate forces may be laid down 
as the sides of a closed polygon and if the lines of action 
of these forces follow aroimd the polygon in the same way. 
Such a figure is called a force or eqxiilibrium polygon, and 
it represents graphically two of the three equations of 
condition for equilibrium of coplanar forces, viz., first, that 
the sum of the horizontal components of the forces must 
eqtial zero, and secondly, that the sum of the vertical 
components must eqtial zero. 

Art. 3. — ^Application of Force Polygon to Finding of Unknowa 
Quantities. - 

■ Since the force polygon represents two equations of con- 
dition, the finding of two unknown quantities in a system of 
concurrent forces in equilibrium is made possible. Therefore 
if all the forces in such a system are known except two, 
and if the lines of action of these two be given, the tm- 
known quantities may be found by means of the force 
polygon. Let P4 and Ps (Fig. 5) represent the lines of 
action of these two unknown forces, the forces Pi, P2, and 
Pi being fully known. If the force polygon (Fig. 6) for 
Pi. Pa, and P3 be drawn and if the figure be closed by 
drawing lines parallel to P* and Pb at the open ends of the 
polygon, P4 and Pe will be completely determined. It 
is obvious that two solutions leading to the same results 
are possible, one of which is shown by the broken lines. 
In using the force polygon it will be found convenient to 
take the forces in the order of their rotation as they act 
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Akt. 4-] SYSTEM OF NOTATION. 5 

about the point of application, although that is evidently 
not necessary. 

In a similar manner the force polygon furnishes a 
solution in the case of a system of concurrent forces, if 
all the forces except one are completely known. In that 
case the closing side of the polygon fully determines the 
resultant in amount and direction. 

It is evident that the two equations of condition for 
equilibrixim represented by the method of the force polygon 





Fib. 5, Fio. 6. 

must also be applicable to non-concurrent forces; but a 
third equation of condition must also hold, viz., the sum 
of the moments of aU the forces taken about any point in 
their plane must be equal to zero. The graphical treat- 
ment of this condition will be considered later. 

Art 4. — System d Notation. 

The ease of operating with graphical methods is due 
in a great measure to the system of notation invented 
by Bow, and known by his name. Two diagrams are 
employed, one showing only the lines of action of the 
forces in connection with the structure, and called the 
truss diagram, while the other is simply the force polygon 
already explained. 

The space between the lines of action of any two adja- 
cent forces on the truss diagram, or the sffece on that dia- 
gram within any polygon whose sides are formed by the 



sdbvGoo^^lc 



6 GRAPHIC STATICS. [Cm. t 

lines of action of any forces, is marked by a capital letter. 
Each force will then always lie between two and only 
two such capital letters, and consequently it can be desig- 
nated conveniently by the two letters between which it 
lies. These letters, changed from capital to small letters, 
are then placed on the force polygon at the ends of the 
lines representing the same forces. The correct disposition 
of the letters at the &a.6s of the lines indicates the direction 
of action of each force, as has already been explained. 

Example. 

Fig. 7, representing a simple king-post truss carrying a 
concentrated load at its centre, illustrates the truss dia- 
gram. The external forces acting upon the truss are the 
two reactions at its ends and the concentrated centre 
loading. The space between the concentrated load and 
the left reaction is marked by the letter A, the space above 
the truss and between the reactions by B, and the space 
between the concentration and the right reaction by C 
The apices of the triangles are numbered i, 2, 3, and 4. 
According to this system of notation the left reaction will 
be known as 06 or 6a, the load as ac or ca, and the right 
reaction as cb or be. The indeterraination due to the use 
of two names for one force is made to vanish by the use 
of the following rule: In any truss diagram all forces must 
be read in the same order, clockwise or counter-clockwise, 
around the figure or about a point. 

In Fig. 7, employing the direction indicated by the 
circular arrow placed in the upper left-hand comer, the 
names of the three external forces are then immediately 
fixed, as ab, be, and ca. 

The internal forces, or stresses in the members of the 
truss, are designated in exactiy the same manner, the 
triangular spaces in the truss being marked D and E. The 
forces acting about the point i are then bd, da, and ab; 
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ART. 5.) DETERMINATION OF KIND OF STRESSES. 7 

those about point 2, ed, db, and he; etc. It is seen that 
the same force has a different name when read with respect 
to two different points; thus the member between panel 
points I and 3 is the member or force bd with respect to 
point I, and dh with respect to point 2. As will be shown 
presently, this feature of the method determines at once 
the character of the stresses in the various members. 

Art. 5.— DetenninatioQ of Kind of Stresses. 

Since the structure is in equilibrium under the loading 
assumed, every panel point is also in equilibrium, and 
consequently all the forces at any one such point are in 
equilibrium. A force polygon may therefore be drawn 
for the concurrent forces acting at each panel point. 

The reactions in Fig. 7 may each be found by analytical 
methods to be equal to one half the centre concentration. 





Fio. 7. 



Fig. 8. 



There remain, then, at point i only two conciurent forces 
with known lines of action to be determined. The force 
■ ab, since it acts upwards, is laid down on the force diagram 
(Fig. 8), with the letter a at the bottom of the line repre- 
senting its magilitude and direction. The line bd is then 
drawn parallel to BD, beginning at b, and the line da 
parallel to Z)/l, beginning at a; their intersection wiU fix 
the point d. Since for equilibrium the forces in this force 
polygon must follow each other in the same sense, and 
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8 GRAPHIC STATICS. [Ch. I. 

since ab is fixed, the direction of the force bd is from b 
to d; transfemi^ this direction to the truss diagram, it 
will be seen that the force bd acts towards the point i . 

It is clear that a force acting towards a point, in the 
manner of bd, represents compressive stress in the member 
in which it acts, in the same manner that a force acting 
away from a point represents tensile stress. In the present 
case bd therefore acts in compression with a magnitude 
represented by the length of the line bd. Similarly, trans- 
ferring the direction of da to the truss diagram, it will be 
found that da acts away from i and represents a tensile 
stress. Thus all the forces acting at the point i have been 
fully determined. 

Other panel points at which there are but two unknown 
forces must next be considered in succession. 

At panel point 2 the forces must be read db, be, and ed, 
bd being already drawn on the force diagram. A line 
parallel to BE is therefore drawn through b and one parallel 
to ED throt^h d ; then the intersection of these lines furnishes 
e on the force diagram. By transferring the direction of 
be to F^. 7, it will be foimd acting towards panel point 2, 
causing compression. Similarly ed acts downwards from 
point 2 and caxises tension. 

'Panel points 3 and 4 are to be treated similarly, but 
it is unnecessary to explain the operations in detail. 

Art. 6. — Crane-trusses. 

The graphic principles thus far explained may be 
illustrated by an application to a form of truss which has 
been used for powerftJ cranes under circumstances re- 
quiring much headroom, and shown in Fig. 9. The truss 
revolves about a vertical axis situated in the centre of 
the member BD. In that example the weight hanging 
from the peak is supposed to be 20,000 pounds. Each 
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CR^NE-TRUSSES. 



chord of the truss NA, LA, J A, etc., or MC, KC, IC, etc., 
is made up of chords of quadrants of two circumferences 
of circles, the radius for the inner chord beii^ 23,5 feet, 
and that for the outer chord 26 feet; the member BD 
is 5 feet. 

The lengths of the various members are as follows : 

NA=-5 feet; 

LA=JA=MC~ 6 feet; 
HA=KC = 7ieet: 
FA=IC=8ieet; 

GC = 9 feet. 
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Tia. 9. 

Fig. 10 is a complete diagram for the stresses in the 
truss, supposing the only load to be the 30,000 pounds 
hanging from the peak. If it should be necessary to take 
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into account the wdght of the truss itself, it would be done 
by considering the we^hts of the various members as 
concentrated at the different panel points, and the problem 
would be treated precisely as in the case of nx)f -trusses, to 
be treated in succeeding articles. 

The construction of Fig. lo is begun by considering the 
equilibrium of panel point i ; the line ca is drawn downward 
parallel to the line of action of the weight CA, and then at 
its ends are drawn lines parallel to AN and NC. The order 
in which forces are taken about any panel point is indicated 
by the direction of the arrow shown in the upper left-hand 
comer of Fig. 9. Panel point i is the first panel point at 
which the stresses can be determined, since at that point 
there are but two unknown qttantities. Other panel points 
are then to be taken in such order that at the point con- 
sidered there are only two imknown forces. This is imper- 
ative. The stresses at panel point 2 are therefore treated, 
the lines nm and ntc being drawn respectively parallel to the 
corresponding members in the truss diagram. The other 
panel points may then be treated in exactly the same 
manner, considering them in the order in which they are 
numbered. 

In order to determine the character of the stress in 
any member, such as MN, it is only necessary to observe 
that the direction of mn in the force digram is downward 
and toward panel point 3. It is in connection with panel 
point 3 only that the member MN is named in that way, 
and the latter is therefore in compression. If this member 
were to be named in regard to panel point 2, it would be 
termed NM. Its direction would then be upward with 
regard to panel point 2, indicating compression as already 
found. 

The diagram gives the following results, the positive 
sign indicating tensile stress, and the n^ative sign corn- 
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StKESSES at THE ClUNE OF FlODBE 9. 



DpperChori. 


Lower Chort. 




CW— +a6,ooolbs. 


j4 JV — — 19,000 lbs. 


WJlf-- 37,000 lbs. 


Cif- +54.000 !b«. 
CX-+S,ooolbe. 


i4L- — 50,000 lbs. 


Jtft- + iS,ooolbs. 


^J- — 73,000 Iba. 


!.£-— »9,cioc)lbs. 


C/— +79,000 lbs. 


AH— —90,000 lbs. 


X/-+ 3,000 lbs. 


CG- +91,000 lbs. 


AP- -99,000 lbs. 


// 37.000 lbs. 


C£- + ioa,oooll». 


^i3— — iw/joolbs. 


IH-- 4,000 lbs. 
HG- — a8,ooolbs. 


Reactfons. 




CF 15.000 lbs. 


BC- i94,o«!l». 




f£- -34,000 Iba. 
£I»--i3.ooolbs. 


fl^-t 104,000 lbs. 




BD-- 9,000 lbs. 



These results can easily be checked by the algebraic 
method of moments. For instance, the stress in the member 
IH is found by taking a section throt^h the truss as shown 

(Fig, 9) and taking mtMnents about the intersection of CI 
and HA ; the lever-arm of IH as scaled from the diagram is 

1 5 .4 feet. The only external force to the right of the section 
is the weight at the peak, which, by scale, has a lever-arm 
about the centre of moments of 3.1 feet. The equation of 
moments is then as follows, the direction of IH being indi- 
cated by the arrow lying along it: 

— //fX 15.4 = 20,000X3.1; 
.". IH = — 4000 pounds. 

This value checks that obtained by the graphical method. 
The last force found graphically is the reaction BC, and 
if its graphical value be checked by the method of moments, 
it may be assumed that all previous graphical results are 
correct. For this member the centre of moments is at 
panel point 13 ; the equation of moments is 

SCXs ■ 30.000 X 33.5 ; 
.'. BC =94,000 pounds. 

This result agrees with the value obtained from the dia- 
gram. 
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If a chain, rope, or cable pass along either chord, the 
tension in it will tend to produce an equal amount of com- 
pression in the panels of that chord; the resultant stress, 
therefore, in any panel will be the algebraic sum of this 
amount of compression and the stress due to the weight at 
the peak. 

Fig. II is a skeleton diagram of an ordinary crane, 
which revolves about the centre line of 2-3 as an axis. 
AB is the weight hung at the peak, i. The force diagram. 
Fig. 12, is found by drawing ab vertically downwards equal 
to the weight, then at a £md b drawing he and ca respectively 
parallel to BC and CA of Fig. 11. be then represents the 




compression in BC, and ca the tension in CA. As before, 
the tension in the rope or cable tends to produce an equal 
amount of compression in any member along which it 
lies. 

Let I denote the normal distance from the line of action 
of CA to any point in the centre line of the vertical member 
2-3; then any section of 3-3 will be subjected to the bend- 
ing moment 

M~ca-l. 
ca representing the stress in CA. 



sdbvGoo^^lc 



A»T, 7.J 



NON-CONCURRENT COPLANAR FORCES. 



2-3 will also be subjected to a direct stress (tension in 
Fig. 11) equal to the vertical component of the stress in 
CA. 

The greatest resultant intensity of stress in any section 
will be the combination of the intensities due to these two 



Art, 7, — ^Hon-concurrent Coplanar Forces, and ttie Funicular 

Polygon. 

Concurrent forces only have thus far been treated, but 

the principles employed in the concurrent force diagram 

are equally applicable to non-concurrent coplanar forces. 




FU. ij. Fm. 14- 

In the case of equilibriiun of such forces, one other condi- 
tion must also hold, viz., the sum of the moments, of these 
forces taken about any point as a centre must be equal to 
aero. This condition may be expressed graphically, as 
will presently be shown. 

Let Pi, Pi, Pb, and P* (Fig. 13) represent four non- 
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concurrent forces whose resultant is to be completely deter- 
mined. By combining Pi and Pa in the force digram, 
F^. 14, their resultant is found to be i?i and its line of 
action passes through a at the intersection of Pi and Pa 
in Fig. 13. This resultant may then be combined with 
Pg (Fig. 14), producing R2, whose line of application passes 
through the point 6 (Fig. 14), the intersection of R\ and Pj. 
Similarly, this resultant may be combined with P*, pro- 
ducing the final resultant R (Fig. 14}, whose line of action 
passes through the point c (Fig. 13). 

This method becomes inapplicable when the forces 
treated are parallel or nearly parallel, but the following 
construction, which is perfectly general, may then be 
employed : 

Let Fig. 15 represent five forces Pi, Pj . . . Ps, whose 
restiltant it is desired to obtain; Fig. 16 shows the value 
and the direction of its resultant as obtained by the usual 
force polygon, but both its point of application and line 
of action (Fig. 1 5) are still unknown. Let O be any arbitrary 
point in Fig. 16, and let there be drawn from O to the ends 
of all the forces Pi, Pa ■ ■ ■ Ps radiating lines numbered i, 2, 
3 ... 6. It is then evident that in Fig. 16 each force has 
been resolved into two components, as Pi resolved into 
I and 2, and Pj into 2 and 3, and so on. Choosing any 
point on Pi, such as a in Fig. 15, let the line 2 be drawn 
parallel to the line 2 in Fig. 16 until it intersects the line 
of action of the force Pa ; from this intersection point draw 
3 parallel to 3 in Fig. 16 until it intersects Pa, and so con- 
tinue the construction to its completion. Finally produce 
the lines i and 6, Fig. 15, to their intersection at the point 
b. This is a point in the line of action of the resultant; 
for at point a in Fig, 15) the force Pi has been replaced 
by the force components i and 2 acting in the directions 
indicated by the arrows, these directions being shown in 
Fig. 16. P( has similarly been replaced by the forces a 
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and 3 acting in the directions similarly shown; but it is 
evident that the two forces a between Pi and P% balance 




each other since they are equal in amount, opposite in 
direction, and act along the same line. Similarly, the two 
forces 3 between P^ and Pj cancel, as do likewise the paira 
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of forces 4 and 5. The five forces Pi, Pz . . . Pt have then 
finally been replaced by the two forces i and 6. These, 
as is evident from Fig. 16, are the components of the final 
resultant, and may therefore be replaced by the resultant, 
which must act at their intersection b. 

The polygon 1-2-3-4-5-6 drawn in Fig. 15 is termed 
the polygonal frame or funicular polygon, because it is a 
frame of members or bars, which, if of sufficient sectional 
area, will sustain the set of external forces Pi, P3. . . P^ 
as long as their lines of action and magnitudes remain 
xmchanged. The term funicular polygon is so distinctive 
that it will hereafter be invariably used for this polygon, 
although the term polygonal frame is much used. The 
point O from which the radial lines are drawn is termed 
the pole, and it is usually designated by the letter O. The 
distance from to i? is termed the pole distance and is 
generally represented by H. The radial lines, which are 
always designated by numbers, are called rays. 

These closed diagrams fulfil the condition that the 
sum of the rnoments of the forces of the system about any 
point must equal zero, as will now be shown. 

Let it be determined to find the sum of the moments 
of all the forces Pi, Pa ... P^ about the point A^, which 
is distant x from their resultant R in Fig. 15. Since the 
moment of the resultant about this point is equal to the 
sum of the moments of its various components, it will 
be sufficient to treat only that resultant. The moment 
is, therefore, M=R.x. Draw through the centre of 
moments N the line cd parallel to the resultant, and con- 
tinue the lines i and 6 until they intercept on cd the dis- 
tance /. The triangles bed and OAB (Fig. 16) are similar 
since their sides are respectively parallel. The following 
proportion is therefore obtained: 

x:cd::H:R, 
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M-R.x-cd.H. 

Hence the moment of all the forces about the assumed 
centre. A', is equal to the product of the intercept on the 
line (Pig. 15) drawn throi^h that centre parallel to the 
resultant between those rays which are the components 
of R, multiplied by the pole distance. More simply stated, 
the moment is the product of an intercept on the truss 
diagram multipHed by the pole distance of the force 
diagram. 

It is seen that this moment reduces to zero when the 
centre of moments is taken at the intersection of the 
two component rays of R; viz., at the point b of Fig 15, 
or if taken anywhere on the line of action of R, for in 
either case the intercept eqtials zero. 

If the five forces Pi, P2 . . . Ps form a system in equilib- 
rium, the force polygon in Fig. 16 will close and the re- 
sultant R will be zero, making the moment M—i?.*— o. 
Hence the sum of the moments of all the forces of the 
system about any point N will be zero. Again, in Fig. 15, 
if the direction of J? be reversed, it and the five forces Pi, 
P2 . ■ . Pb will constitute a system in equilibrium. In 
that case the ftmicular polygon becomes a-ft-c-5-4-3-2 and 
it is closed. If a system of forces is in equilibrium, there- 
fore, both the force polygon and the funicular polygon 
or frame will be closed. These two polygons therefore 
express graphically the three static equations of condition. 



Alt. 8. — Some Special Features of the Funicular Polygon. 

Although the funicular frame in Fig, 15 was drawn by 
b^inning at a in the line of action of Pi, it is now evident 
that any point on the line of action of any force might , 
have been tak^ as a point of beginning, while the pole 
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and the rays remain tmchanged, and that for each such- 
point a different funicular polygon would have been found. 
With the same pole and the same set of rays, therefore, 
there may be an infinite number of funicular polygons for 
the same system of forces in eqtulibrium; but since the 
rays are unchanged the correspondir^ sides of all those 
polygons will be parallel, or, in other woixfe, those polygons 
or frames will be concentric. 

Again, any point whatever may be taken as the pole O 
in Fig. i6. and rays may be drawn from any such point 
to the angles of the force polygon. Hence there are an 
infinite number of poles for each of which there an an 
infinite number of concentric funicular polj^ons for any- 
given system of coplanar forces ; but when the position of 
, the pole is changed the corresponding sides of the polygons- 
or frames generally cease to be parallel to each other. The 
pole, ther^ore, may be either within or without the force 
polygon, or at any point of its perimeter. 

If the pole is located at an angle of the force polygon, 
as at B, Fig. i8, the ray drawn to that angle will become 
zero in length and the correspondir^ side of the funicidar 
polygon, as 5 in Fig. 17, will disappear. In other words, 
there will be no stress in the side g of F^. 17, and the 
directions of P^ and P4 will coincide with the directions 
of sides I and 4 respectively, so that the side or bar 5 wotdd 
be omitted. This case is that of the ordinary masonry 
arch. 

When the pole is changed in position on the force dia- 
gram, the pole distance is altered. Since the pole distance 
appears directly as a factor in determining the moments 
of any of the forces in the diagram, it follows that with 
an increase of pole distance there will be a decrease of 
intercept on the funicular frame; that is, the intercept 
varies inversely with the pole distance. This consideration 
is of importance in the treatment of arched ribs, for in those 
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Structures the pole distance represents the horizontal 
thrust. 

If the pole is located in some side of the force polygon, 
as at some point in Pa of F^. i8, two rays will be coin- 
cident in direction with that side, and the two sides or 
bars of the funicular polygon, as i and s in the case sup- 
posed, will coincide in direction with each other and with 
the force Pb acting at their common extremity. The funicu- 
lar polygon will thus apparently have one less side or bar 
than the number of rays in the force polygon. 



Remembering the double significance of the rays as 
representing the stresses in the bars of the ftmicukr poly- 
gon by the same scale as that to which the forces ^i. Pa, 
etc., are measured, it is well to observe that each side of the 
force polygon with the two rays adjacent to it form a tri- 
angle of forces in equilibrium, which three forces are those 
meeting at the corresponding angle of the funicular polygon. 

In Fig. 17 the external forces are taken as acting inward 
or towards the frame; but all directions may be reversed 
and the funicular polygon may be inverted without changing 
in any respect any of the preceding demonstrations, con- 
structions, or conclusions. If the force directions are 
reversed and the ftmiculaf poljrgon or frame inverted, the 
condition shown in F^. 19 will result, which, if Ps and P4 
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coincide in direction with i and 4, so that 5 disappears, 
is that of the elementary stispension-bridge cable. 

It is to be borne in mind that thias far the system of 
forces supported in equilibrium by the ftmicular polygon 
has been supposed to be invariable in every respect. The 
extreme forces P5 and P4 are usually reactions or support- 
ing forces supplied by piers or abutments. 




Fio. 19. 

Since the force and funicular polygons correspond to 
three equations of condition of statics, they may therefore 
be used for finding not more than three unknown quanti- 
ties, in any problem involving the equilibrium of coplanar 
forces. Their appUcation to the general solution of some 
problems of statics may therefore be discussed. 

Art. 9. — JAnm of Action of all Forces Known, but Hagnitudes 
and Directions of Two Forces Unknown. 

In Fig. 20 let the lines of action of all the forces Pi ... P^ 
be known, but let the magnitudes and directions of any 
two, as P4 and Pi, be unknown. Since it is a matter of 
indifference in what order the forces are taken in the con- 
struction of the force polygon, let the known forces be taken 
in order from Pi to P3, as shown. Then the known lines 
of action of Pt and Pb will enable the two remaining sides 
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of the force polygon to be drawn from A and B, while the 
directions of those two forces will be detennined by travers- 
ing the perimeter of the poljrgon in the way or sense indi- 
cated by the known sides, all as shown in Fig. ai. The 
funicular polygon can then be drawn from any point in 
any line of action in the manner already established in 
the previous articles. 

Although the unknown forces are shown in Fig. 30 as 
adjacent to each other, it is clear from the demonstra- 
tion that they may be any two whatever of the system. 

If the unknown forces are parallel to each other, their 
intersection (that of P* and Ps in the force polygon of 




Fig. 21) in the force polygon becomes indeterminate. In 
that case it is only necessary to complete the funicular poly- 
gon before completing the force poljrgon, as is illustrated 
by Fig. 23, in which all the forces are supposed to be 
parallel to each other. The forces whose lines of action are 
known but whose magnitudes ai^d directions are unknown 
are Pi and P^. The force polygon now becomes a straight 
line, since all the forces are parallel, and in order to show 
completely this coincidence of force lines all the forces 
in Fig, 23 are represented by close parallel lines. The 
force (ftUl) lines Pi, Pa, and P3 are first drawn m any 
order that will give their proper consecutive directions, 
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and the rays i, 2, 3, and 4 are then nm from any pole O 
to the extremities of the former. By commencing at any 
point in any of the lines of action (all known) the four rays 
will enable all sides or bars of the funicular polygon, except 
5, to be drawn in the usual way. Both extremities A and 
B of the side 5 will thus be fixed and the line itself can at 
once be completed. The ray 5 can then be drawn from 
the pole to the point C in the straight line' which repre- 
sents the force polygon. The forces P4 and Ps will be 
represented in magnitude by lines extending from C to 
the extremities of P^ and Pi, and their directions {Pt dowa 





Fig. aj. 



and Ps up) will be foimd by traversing these lines in the 
same sense as the known force line Pi . . . P3. Both forces 
and frame are thus completely determined. 

It is of the greatest importance to observe that the force 
polygon for a system of parallel forces reduces to a straight 
line, which is really composed wholly or in part of two 
or more coincident straight lines. It is also to be noted 
that any pole has been chosen, but that any other of 
the infinite number of possible poles would lead to pre- 
cisely the same final results. This latter case of the parallel 
forces is a common one in practice, but usually the two 
extreme forces are imknown in magnitude only. 
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It may be observed that if the directions of the two 
component rays of either unknown force in the force polygon 
of Fig. 31 and the magnitude of one of those components 
are known, the intersection of the line of action of the 
other component with the force line CD will fix the point 
C and determine the unknown forces without the aid of the 
funicular polygon. 

Art. 10. — Homeats in a Beam. 

The funicular polygon in the case of a beam carrying a 
sjratem of parallel loads represents the bending moment 
at every section of the beam. Let Fig. 24 represent a 
simple non-continuous beam carrying the loads P\, P^. . . P^ 
at the points shown. This system of weights is held in 
equihbrium by the two reactions R and Ri whose directions 
and points of application are known, but whose amounts 
are to be determined by the funicular polygon. 

Lay off in regular order the forces Pi, P2 . . . Pn in the 
force diagram Fig. 25, and choose any point O as a pole. 
Draw the rays i, 2 ... 6 and transfer them in the proper 
manner to Fig. 34. This funicular polygon can only be 
drawn for the bars i, 2, 3, 4, 5, and 6, for this disposes 
of all the known rays; but since the polygon must close, 
the side 7 is drawn as the closing line and transferred to 
Fig. 25. Its intersection with the hne of loads at m deter- 
mines the amoimts of the reactions R and R\ as shown. 

The moment at any section of the beam, such as xy, 
may then be obtain'vi by the rule of the " product of inter- 
cept by pole distance" (Art. 7). The resultant of the 
forces R, Pi, P2, and P3 to the left of the section is included 
between the two rays 4 and 7 of F^. 25 ; consequently the 
intercept required lies between the bars 4 and 7 and is the 
line 06 in Fig. 24. The moment at rj/ is therefore 06 . H, 
where H represents the pole distance (not shown). For par- 
allel forces the pole distance is a constant quantity, and is 
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generally chosen as a unit force, frequently looo or 10,000 
pounds, in order to avoid arithmetical computation. In 
general, then, the moment at the section xy is expressed by 
the ordinate directly below it, if the s^ificance of the pole 
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distance be remembered. The moment at any other 
section, such as xfjf, is then also expressed by the ordinate 
below it, or aV. 




Fig. 35. 
The equivalence of the funicular polygon as a moment 
polygon applies as well to cantilever or continuous beams 
as to non-continuous beams, provided that the loading 
consists of a series of parallel weights. 
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Art. II.— All Forces Glreii Except Two, of which the Line of 
Action of One and the Point of J^tfdication of the Other 
are Known. 

This case is represented by Fig. a6, in which Pi ... P^ 
constitute any system of forces all except two of which, 
as Pi and Pe, are known. The line of action of one un- 
known force, Pb. is given together with the point of appli- 
cation A of the other. That portion of the force polygon 
representing the known forces Pi ... Pb is first drawn in 
the ustial manner, together with the rays i to 4, inclusive, 
from any pole O, Fig. 27. Then, by starting at the known 
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point of application A, the sides or bars of the funicular 
polygon or &ame can be drawn parallel to the corresponding; 
rays, so as to fix the point B on the line of action of Pg. 
The last side 5 of the frame (Fig. 26) will thus be completely 
determined ; and if the ray 5 (Fig. 2 7) then be drawn parallel 
to it until it intersects the line drawn through C parallel 
to the line of action of Pg, the latter force and P* will at 
once become completely known. 

This case is one of common occurrence, the forces P« 
and Pb being in general the reactions or supporting forces 
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of the structure at the abutments or piers. It is obvious, 
however, that any other two forces besides the reactions 
or extreme forces m^ht have been taken as the unknown 
elements. 

If the forces are all parallel, the force polygon Pi . . . Pj 
becomes a straight line, as already explained in Pig. 23, 
but the process of solution and the various steps in the 
construction remain unchanged in every particular. 

Art. 13. — ^All Forces Given Except Three, with the Lines of 
Action of those Three Known. 

Let the six forces Pi ... P^ in Fig. 38 represent any 
system of forces whatever, of which all lines of action are 
known, but the m^^nitudes and directions of Pj, Pa, 

\ 







and Pa remain to be determined. The points of applica- 
tion of the forces Pi, Pa, Pa, P4. f 6. and P« are supposed 
to be a, b, c, d, e, and / respectively, but their lines of action 
■will be prolonged and used for the purposes of this solution. 
So much of the force polygon as can be constructed from 
the known forces Pi, Pi, and Pt is first drawn, and then 
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the fcmr rays i, a, 3, and 4 are drawn from any pole O. 
The point A (Pig. 28) of intersection of any two lines of 
action (as those of Pj and P3) of the unknown forces is 
next taken as the starting-point of the funicular polygon. 
The rays drawn to the angles of the partially constructed 
force polygon will at once enable the sides 4, 3, 2, and i 
of this polygon to be drawn as shown. The points A and 
B of the remainir^ side 5 are thus fixed in Fig. 38, and the 
side itself completed. The ray 5 is then drawn (Fig. 39) 
until it intersects the line of Pa drawn from E. The points 
C and D are thus the starting-points from which Pj and 
Ps are to be drawn until they intersect and so complete 
the force polygon Pi, Pa, P%, P», P4, Ps- The latter give 
the magnitudes and directions of all three of the unknown 
forces. 

By locating an angle of the frame at a point of inter- 
section of the lines of action of two of the imknown forces 
the sixth side of the frame is reduced to zero and eliminated 
from consideration, so that the corresponding ray is not 
needed. Obviously this method cannot be iised with 
parallel forces, for the reason that there will be no finite 
point of intersection A. 

In case the point of intersection A is found to be in- 
accessible or outside the limits of a convenient diagram, 
the usual procedure is shown in Fig, 30. CD and AB are 
the lines of action of Pz and P3 respectively, and their 
intersection is inaccessible. Any point, as E on the adja- 
cent line of action P^, is taken as the starting-point of the 
funicular polygon, the pole O not yet having been determined. 
The side 4 of the frame is to be drawn from E to the in- 
accessible point of intersection. Any points A and C 
on AB and CD are so taken as to form the triangle ACE 
with good intersections. From any other point D on CD 
and at an appropriate distance from C draw DB parallel 
to CA and then from D and B draw lines parallel to CE 
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and AE respectively, locating the point F by their inter- 
section. EF produced- will then pass through the inter- 
section ci AB and CD. EF will then be a portion of the 
side 4 of the polygonal frame, and the ray 4 must be drawn 
parallel to it from D in the force polygon of Fig. 29 ; the 
pole may then be located anywhere on that ray. The 
remaining rays are drawn to the known angles of the 
force polygon and the construction is made as before. 
When the point B, Fig. 38, is reached the remaining side 
5 of the frame is to be drawn to the inaccessible point of 




^ 






/ 



Fto. 30. 
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intersection of Pa and Pg by the process given in connection 
with Fig. 30. 

If there are but four non-parallel forces in the system^* 
a frequent procedure is that shown in Fig. 31. P3 is the 
only completely known force, the lines of action, only, of 
the others being given. The iowc forces may be divided 
into pairs, as Pi and Pa, and Pg and Pt, the resultant of 
each of which pairs must, for equilibrium, be eqtial and 
opposite to the resultant of the other. Hence construct 

* AH systems of the kind tieated in this article may be reduced to four noO' 
parallel forces; for all the known forces may be replaced by their resultant, and 
there are then in addition to this resultaat only the three unknown fotces. It 
may be necessary, however, to draw a funicular polygon to detennine the point 
of sftplication of this resultant 
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the force triangle Pi, P2, and the resultant ab. As Pa 
is completely given, this can be done and both Pi and 
the resultant ab will be determined. Then lay off cd'-ab 
from c and construct the force triangle with P3 and Pt, 
which will completely determine those forces and make 
known all elements of the problem. 

The operations of this and the preceding articles are 
designed to illustrate the general character of the pro- 
cedures required for the solution of problems by the aid 
of the force and funicular polygons; they include some 
of the more important practical cases, although others 
may arise which are to be treated in the same general 
manner. 

Alt. 13. — Stresses in Roof-trusses, 

Preliminary. 

Roof-trusses are designed to carry, first, their own 
dead weight; second, the weight of the roof covering on 
the trusses; third, a snow load; fourth, a wind load acting 
in a horizontal direction, first from the right, and then from 
the left; and, fifth, a ceiling or other suspended weights, 
such as cranes, trackways, shafting, etc. 

The weight of the roof-truss itself varies, naturally, 
with the span length and with the distance between trusses. 

Various formulas have been proposed for determining 
the weights of roof-trusses, and among them is the follow- 
ing, deduced by Milo S. Ketchum, Assoc. M. Am. Sec. C. E., 
from his experience, for spans up to 150 feet: 

where W = the weight of truss per square foot of hori- 
zontal projection; P=the capacity of the truss in pounds 
per square foot of horizontal projection ; L = the span of 
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the truss in feet; and A=the distance between trusses in 
feet. In general, however, for purposes of determining 
the dead-load stresses, it will be sufficiently accurate to 
\ise the following approximate table: 



Lensth !□ ^t of 


WdghtofTroMiii 

Pounds per SquKB 


30 
40 

80 


3 

4 

1 



Great accuracy cannot be expected from the use of this 
table ; but since, in any event, the greatest stresses are caused 
by the weight of truss covering, by wind and by snow loads, 
a small error in assuming the dead weight of a roof -truss is 
not appreciable. If the error be found appreciable, however, 
after tentative design, the proper corrections must be made. 

Trusses having Spans up to 50 or 60 feet usually have 
one end supported on planed plates; trusses of greater 
span usually have one end on rollers or on rockers. Tliese 
precautions are necessary on account of temperature 
changes. In the case of the roller or rocker end it is usual 
to assume the reaction at that point perpendicular to the 
plane on which the rollers move, although on account of 
friction this condition may not be rigorously exact. 

The pitch of the roof is usually given as a ratio of the 
centre height divided by the span length; it may vary 
between the hmits of 1/2 and 1/5 ; its more usual value is 
r/4. 

Snow Load. 

The snow load carried by a structure depends not only 
on the latitude of its location, but also on the pitch of the 
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Toof. It is ordinarily specified as a load in pounds per 
square foot of horizcaital projection. In the vicinity of 
New York a value of 20 pounds per square foot for flat 
roofs is usually taken, and this is decreased for roofs with 
greater pitch. If the pitch is 60" or more, no snow loads 
need be taken, although a minimum weight of 10 potmds per 
square foot, due to sleet, is sometimes specified. The highest 
value for flat roofs in cold climates is 40 pounds per square 
foot, while for southern latitudes the snow load disappears. 

Wind Load. 

In treating horizontal wind loads on roof-trusses, the 
component normal to the slope of the roof is usually taken, 
the component parallel to the slope of the roof being 
neglected. The intensity of horizontal wind pressure on 
a vertical surface is generally specified at 30 poimds per 
square foot.* 

The nonnal pressure on a roof due to horizontal wind 
force is not usually found by its simple resolution into 
two rectangular components, but is determined by means 
of an empiric formula based upon experimental work. 
Two such formulse are in common use, one by Hutton, 
given in eq. (i), and the other by EKichemin, given in eq. (a). 

F,=Psina'**'™--', (i) 



" i+sin^a ^ ' 

where P„ represents the normal component, P the horizontal 
force, and a the angle between the roof surface and a 
horizontal plane. 

* For a more delalled statement concerning wind pressures, sec Supplementary 
Report by Capl. W. H. Biiby in the Report of the Board of Engineer Officers, 
as to Maximum Span Practicable for Suspension Bridges, Washington, 1894. 
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The following table fximishes the values of the ratios 
of P« to P for the various slopes of roof indicated : 



VALUES OF - 



SlOPBOf 






Ro^tD 


DDchBDIUl. 


Hutton. 


Degree.. 









0.00 


0.00 






34 




14 






61 




46 


30 




So 




66 


40 




9' 




84 


5° 




97 




9S 


60 


0.99 


"° 1 



Roof Covering. 

The roof covering rests upon loi^tudinal purlins carried 
by the truss, usually at its panel points. If the purlins 
are not placed at the apices or panel points, bending is 
caused in the chord members. Such stress conditions 
shotUd ordinarily be avoided for simplicity. 

The amount of load carried to any panel point is imme- 
diately determined by noting the area of surface and the 
load per square foot carried by each purlin. This area, or 
its horizontal and vertical projection determines also the 
snow load and the wind load carried at any panel point. 

The weight of roof covering varies with the different 
materials of which it is composed, but it may be closely 
estimated in advance. 

The weights of roof coverings may be approximately 
assumed as follows : 

Itoh Sheets. — The weight of iron or steel sheeting 
depends on the gauge thickness and whether the sheets are 
flat or corrugated. The exact weight may always be found 
in manufacturers' handbooks; it varies from i to 3 potmds 
per square foot for the thicknesses ordinarily employed. 
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Felt, Pitch, and Slag or Gravel Roofing. — ^This combina- 
tion of materials may weigh from 8 to 10 poimds per square 
foot, depending generally on the number of thicknesses of 
felt. 

Slate. — Slate usually weighs from 7 to 9 pounds per 
sqtiare foot of roof. 

Tile. — Terra-cotta tile i inch thick weighs about 6 
pounds per square foot. 

Tin. — Tin, without sheathing, weighs from i to 1} 
pounds per square foot. 

None of these weights includes weights of purlins or 
sheathing. 

Wooden Coverings. — The weight of wooden roof cover- 
ings may be estimated by assimiing the weight of wood 
at 4 pounds per foot B. M. 

The exact weight of roof covering, including sheathing, 
purlins, bracing, gutters, ventilators, etc., must be calcu- 
lated for each individual problem. In a similar way, all 
suspended weights must be determined before the stresses 
can be computed. 

The total loads carried by any truss having then been 
estimated, the determination of the stresses in the members 
of the stnictiare is the next procedure. This determiija- 
tion may be made by combining the various classes of 
loads and proceeding with resultants or by treating each 
class separately and subsequently combining the stresses 
so foimd for each member. The method of procedure 
will be obvious in each case. 



Art. 14. — Stresses in a Roof-truss, Both Ends Fastened. 

A common form of roof -truss is illustrated in Fig, 32, 
in which the span is 40 feet, the rise of the peak 10 feet, 
and the distance between trusses 1 2 feet. The roof 
covering for this truss is estimated to weigh 10 pounds 
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per square foot, and since the total exposed surface between 
two ne^hboring trusses is 45 feet long by 12 feet wide, 
the total roof covering weighs 45X12X10 = 5400 pounds. 
The dead weight of the truss itself has been estimated at 
3 pounds per square foot of horizontal projection. The 
area of horizontal projection is 40X12—480 square feet; 



.\1 — i— --^i;-' 




Ro. 3 J. 
the dead weight of one truss is, therefore, 1440 potinds, and 
the total dead weight 5400+ 1440 =^6840 pounds. This may 
be supposed equally divided among the upper panel points, 
the end points carrying but half a pane! load. Each panel 
load is, therefore, 855 pounds. It is obvious that the end 
panel loads, if vertical, need not be considered as a factor 
in causing stresses in the structure, since these are carried 
directly by the abutments. Vertical end panel loads will, 
therefore, not be considered in the cases to be discussed. 

The dead-load stress diagram is shown in Fig. 33; its 
construction is as follows: 

Since the load is symmetrical, each reaction is equal 
to half the total load on a truss. The line ab is therefore 
drawn vertically upward and equal by scale to the left- 
hand reaction. The stresses in the two members meeting 
at the left-hand abutment may at once be found, as there 
are only two unknown quantities. The lines bf and fa are, 
therefore, drawn parallel to the corresponding lines in 
Fig. 33 through the points b and a to their intersection at 
/, thus determining the stresses bf and fa. The circular 
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arrow in the upper part of Fig. 32 indicates the direction 
in which the forces are read about any panel point, and 




Fig. 33- 

this order must be carefully observed. By transferrir^ 
the direction of bf from Fig. :i3 to Fig. 32, it will be seen 
that the stress acts toward the panel point, indicating com- 
pression. Similarly, fa acts away from the panel point, 
indicating tension. Hereafter the explanation determining 
the sign of the stress in any member need not be given. 

Panel point 2 is next to be considered. With the dis- 
tribution of load assumed there will be no stress fg, and 
fa must evidently be eqxial to ga. 

Panel point 3 is next in order. The lines ch and hg are 
drawn parallel to their respective lines of action in Fig. 32. 
The remaining construction is precisely similar in character 
and needs no further explanation for the half of truss 
under consideration. 

fig- 33 represents the stresses for the left half of the ' 
truss only ; since the stmctiire is symmetrical the members 
in the right half carry identically the same stresses as 
the corresponding left-hand members. The values of the 
stresses as scaled from Fig. 33 arc given in Table I. The 
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positive sign indicates tensile stress, and the n^ative sign 
compression. 

A separate digram for snow loads over the entire roof 
need not be drawn for roof-trusses of this character, since 
it is at once evident that the snow-load stresses may be 
foimd as a simple ratio of the dead-load stresses. If the 
snow load be taken at so pounds per square foot of hori- 
zontal projection, the ratio of the snow-load stresses to 
those due to the dead load will be 

20(40X13) 
6840 "'"*■ 

The values of the stresses obtained from this ratio are 
given in Table I. 

The intensity of the wind load, which acts on one side 
of the roof only, has been taken at 30 pounds per square 
foot of vertical surface. By means of Hutton's formula, 
the normal component for this truss will be 30X. 59 = 17 
pounds per square foot, since the angle of inclination of 
the roof surface is 26° 30'. The distance between upper 
panel points is 5.63 feet. Each panel load will therefore 
be 5.63X12X17 = 1150 pounds, acting normally to the 
roof surface. The wind panel loads at the peak and at the 
abutment will, of course, be only half as great, or 575 
pounds. 

The wind stresses in the truss will be found on the 
assumption that the reactions at the two ends of the truss 
are parallel to each other and to the direction of the wind 
loads. In order to determine the amounts of these re- 
actions, the funicular polygon mtist be employed. The 
loads are first laid down to scale, as shown in Fig. 34. 
Any pole, as 0, is chosen and the rays i , 2 ... 6 drawn 
and transferred to Fig. 32, the polygon being started at 
the left-hand reaction point with ray 2. Since this polygon 
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must close for equilibritim, the missing ray 7 lying between 
the lines of action of the reactions may at once be drawn.. 
If this ray be transferred to F^. 34, it will detCTmine at 
once the point a and give the reactions r'a and ar. The 
I in the structure for the wind load may then be 




Scale In Pomidi 



Fig. 34. 



found exactly as in the case of the dead load, the left-hand 
reaction point being again the first point treated. The 
force polygon, Fig. 34, thus being constructed precisely 
as was F^. 33, requires no further explanation. 

Attention is called to the fact that the stresses in all 
the web members of the right half of the truss are zero for 
the direction of the wind shown ; but since the wind may 
be taken to blow in either direction, the stresses in the 
right-hand members will be found to be the same as in 
the left-hand members, if the direction of the wind be re- 
versed. The values of the wind stresses are given in 
Table I. Tlie final stresses for which the members of this 
truss must be designed are those found by combining the 
results due to dead, snow, and wind loads ; they are shown 
in the last column of the table. Since no member sufiers 
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reversal of stress, the sum of all the stresses, viz., for dead, 
for snow, and for wind loads, determines the maximum 
stress existing in each member. 

If, however, in the judgment of the designer, the wind 
stresses and the snow stresses might never occur at the same 
time, only the sum of those stresses which might act simul- 
taneously should be taken. 



Table I. 





Mercber 


Dad-k»d 


Snow-U»d 








■ 


Stroa. 


Stie«*. 


Sun. 


Strw. 




BP 


-10,500 


- 14,700 


-5,200 


—30,400 


^PP"._. 


CH 


- S.460 


- 7.650 


-4.35° 


— 7,4fo 


chord 


DJ 


— 4,600 


- 6;4So 


-3.450 


-14.500 




EL 


- 3.650 


+ aioso 


-1,600 


-11.350 




AP 


+ 5.75° 


+S.800 


+ 19,600 


Lower 


AG 


+ S.7S0 


+ 8,050 


+5.800 


+ 19,600 


chord 


AI 


+ 4.9SO 


+ 6,930 


+4,500 


+ 16,380 




AK 


+ 4,i«« 


+ S.7S0 


+3,100 


+ 13.050 




FG 












GH 


— 900 






- 3.560 


Web 


HI 


+ 4W 


+ 590 


+ 650 


+ 1,660 


IJ 


- i,aoo 


- 1,700 


-r.850 


- 4.750 




JK 


+ 850 


+ 1,300 


+ 1,300 


+ 3,350 




KL 


- 1.S00 




-1.300 


- 5.900 




LU 


- ^,480 


- 3:480 


- i,9Jo ■ 


- 7,910 



Art, 15. — Stresses in a Roof-truss, One End on Rollers. 

Let the truss of the previous article have one end on 
rollers and let the wind stresses be determined. 

It will be imnecessary to repeat the determination of 
the stresses caused by vertical loads, since they are in no 
way affected by the roller end. The values shown in Table 
II for the dead and snow loads are the same as those in 
Table 1. 

The lines of action and the amounts of the reactions 
for the wind loads must first be found. In determining 
the reactions, the problem is simply the general case of a 
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series of forces in equilibrium, all known except two, of 
which the point of application of the one and the line of 
action and direction of the other are known. Assuming the 
direction of the wind from left to right and the roller end 
at R', the funicular polygon (Fig. 32) 2, 3 ... 6 is drawn as 
shown, the only precaution being that the polygon must be 
started at the point of appUcation of the unknown force R, 
Thi pole O chosen, and the rays 2, 3 ... 6 used, are 
shown in Fig. 35. The ray 8 is found (Fig. 32) by draw- 
ing it from ;y so as to close the figiire. The direction of ray 8 



B<»I«lDFaniidB ' 

Fig. 55.— Stress Diagram; Ri^t End on Rollers. 

is then transferred to Fig. 35, where it defines the point a, 
which determines at once the right-hand reaction r'a and the 
left-hand reaction or. The further construction of the stress 
diagram is precisely the same as was followed for Fig. 34. 

There now remains the construction of a diagram for 
the wind blowing from left to right, and with the same end 
CHI rollers. But this problem may be treated more advan- 
tageously by retaining, as in Fig. 35, the direction of the 
wind from left to right, and transposing the roller end from 
the right end to" the left end. The stresses found from 
such a diagram (Fig. 36) must, however, apply to the 
members placed in a symmetrical position about the centre 
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line of the truss ; that is, the letters designating the stresses 
in Pig. 36 are all primed letters. This method of treatment 
evidently does not apply to unsymmetrical trusses. 

The reactions for this case may be found most simply 
in the following manner: It is evident that the vertical 
(KHnponents of the two reactions are the same, no matter 
whidi end of the truss is on rollers; therefore, in F^. 36, r'a 




Flo. 36.— Sliua Diagram; Left End on Rollers. 



may at once be drawn from Fig. 35, since it is merely the 
vertical component of ra there determined. It is only neces- 
sary then to connect the points r and o (Fig. 36) to obtain 
the reaction ra. After these reactions are determined the 
stress diagram is to be constructed precisely as before. 

The final stresses in the structure for all possible loads 
are shown in Table II. The final column shows the range 
of stress to which each member may be subjected and for 
which it must be designed; it is to be observed that the 
dead-load stress must always appear in that range, the 
other stresses being included only as the judgment of the 
designer may indicate. It is evident also that in the range 
of stress for any member there must appear but one 
value of the wind stress, for the wind cannot act simul- 
taneously in both directions. 
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HembH. 


^^ 


'«" 


Wind-loBd 


Wind-loui 
Rg,,„ 


■&- 


Upper 
chord 


BF'B-F- 
CH-C'H- 
DJ'D'J' 


- 10,500 

- S.460 

- 4,600 


-14,700 

- 7.650 

— 6i4SO 


-5.20O 
-4,35° 
-3,4s* 


-5.200 
-4,350 
-3.450 




- 10,500 

-■;.46o 
- 4,600 




EL-BU 


- 3.650 


- S.'oo 


-2.600 


-3,6oo 




-".350 




AF 


+ S.750 


+ 8,030 


+ 6,500 


+400 




+ S.7SO 
+ 30,300 




AG 


+ 5.75° 


+ 8,050 


+ 6,500 


+ 400 




+ S.7SO 
+ 30,300 




AI 


+ 4,95° 


+ 6.930 


+ S.200 


+ 400 




+ 4,95* 
+ 17,080 


Loner 


AK 


+ 4,100 


+ 5.750 


+3.900 


+ 400 




+ 13,75«' 


chord 


AK' 


+ 4,100 


+ 5.750 


+3,600 


+ 1,700 




12,450 




AI' 


+ 4.9SO 


+ 6.930 


+ a,6oo 


+3,000 




t,::iK 




AC 


+ 5.750 


+ 8,050 


+ 3,600 


+4,300 




:.i:S 




AF' 


+ 5.750 


+ 8.050 


+ 3,600 


+4.300 




tKS 




FG 



















CH 


- 900 


- i,»fc 


-1,400 





1- 900 
1 - 3,Sfc 




HI 


+ 420 


+ 590 


+ 650 


** 


it£ 


Web 


IJ 
JK 
KL 
LU 


+ 850 

- i.soo 

- 2.480 


- 1,700 
+ l,»oo 

- »,10O 

- 3.480 


-1,850 
+ 1,300 
-3.300 
-1,950 


-1,950 


1 - 4.750 

(+ 850 
( + 3,350 
i - 1,500 

- 3,480 
} — 7,910 




K'L' 
J'K' 
I'J' 
H'P 
CH' 
F'C 


+ '420 
- 900 


+ MOO 

- 1.700 


\ 


-l,4«> 


Same as KL 
" •• JK 
•• " IJ 
" •'HI 
" " GH 
•• " FG 



Comparison of Tables I and II shows that for one end 
CHI rollers no stresses differ from those found with both 
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ends fastened, except in the lower chord. Table II fur- 
nishes lower values for the lower chord members near the 
fixed point of support, and higher values at the roller end. 
This statement as to variations in stress for the two methods 
of end support is not a general one, although it applies 
in this case, where the entire lower chord is in one straight 
line. 

Counterbraces. 
If the range of stress to which a web member is sub- 
jected includes values of both tension and compression, 
that member must be designed to resist both; it is then 
said to be counterbraced. If such a member is constructed 
that it can resist tension only, provision for the com- 
pressive stress may be made by inserting in the same panel, 
and crossing the original member, an additional member 
known as a counterbrace. It will be found that this 
member will be stressed in tension when the compressive 
stress in the original member causes the latter to be useless ; 
the stresses in the members of the structure affected by this 
new condition may then be fotmd by assuming that the 
counterbrace is the main member, and that the original 
member does not exist. 

Art. i6.— Hnk Roof-truss. 

Fig. 37 represents an application of the Fink truss to 
roof construction. It presents a slightly more complex 
problem than the truss illustrated in the previous articles. 

The following data are assumed: 

Span =60 feet; 

Rise of peak = 15 feet ; 

Distance between trusses = 14 feet. 

The roof covering, including purlins and wind bracings, is 
taken at 12 poimds per square foot of inclined surface, and 
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the dead -weight of one truss at 3.8 pounds per square foot 
of horizontal projection. A panel load will then be found 
to be 1175+400 = 1575 pounds. The stress digram 
(Fig. 38) is again b^un by drawing mb vertically upward 
as the left-haiid reaction and determining the stresses in. 
bf and fm ; tlie direction of rotation about any point being in- 
dicated by the circular arrow (Fig. 37.) Panel points 2 and 3 




11 



Fio. 37. 

may then be treated in precisely the way already explained, 
but it will be found that at both panel points 4 and 5 there 
will be three unknown quantities instead of two, ecnd that 
recourse mtist be had to some other method than the use 
of the simple force diagram. A section is, therefore, 
passed through the truss, cutting, as shown, the members 
EK, KL, and LM. The stresses in the members cut hold 
in equilibrium all of the external forces on one or tlie other 
side of the section. In this case the left-hand forces will 
be considered. 

The stresses in these three members may be determined 
by means of the general principles already explained, for 
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the problem is simply that of a set of forces in equilibrium, 
all known except three, the lines of action of the latter 
being given. The funicular polygon is, therefore, drawn, 
the only precaution being that the polygon Fig. 37 must 
start at the intersection of two of the unknown forces. 
In this case the peak was chosen as the starting point, 
being the intersection of the members EK and KL. The 
rays 4, 3, 2, i, and 5 were then drawn. As the forces are in 
equilibrium the polygon must close, and the closing ray 6 
may then be drawn and transferred from Fig. 37 to Fig. 
38, where it immediately defines the point m and determines 




Fio. 38. 

the stress in the member ML. Knowing then the stress 
in LM, panel point 5 may be treated in the tisual manner, 
as the stresses in the members HI and IL are the only 
imknown forces. Panel point 4 may next be treated in 
the usual manner and all the stresses be determined with- 
out further explanation. 

A more simple solution of this problem is possible by 
determinir^ the stress in the member LM by taking moments 
about the peak and then inserting its value in the force 
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diagram F^. 38. The graphic solution for the remainii^ 
stresses can then proceed in the usual way. The moment 
equation for the peak as a centre would then be as follows : 

Afv4X30-5CXaai-C£>XiS-Z?£X75-i.MXi5-o, 



5510X30- i575(22i+ IS + 7l)-i'JWX 15=0, 

and the stress" in the member LM would be 

LM = + 6300 pounds. 

This, of course, should check the value of the stress found 
graphically. 

It is proper to explain also one other method of solution 
of the Fink truss, as illustrated in Figs. 39 and 40. It is 
the method of substitution of diagonals, and is shown 
applied to the right half of the truss. If the members 
K'J' and /'/' be removed from the structure and be re- 
placed temporarily by the member YX, the stress in the 
member LM may be found by the methods of the ordinary 
force polygon, the panel points i, 2, 3, 4, 5, and 6 being 
taken in the order named, since at no panel point will 
there be more than two unknown forces. This substitution 
of the diagonal YX does not affect in any way the stress 
in the member LM, for the stress in that member cannot 
be affected by changes in any other panel of the character 
indicated. In fact, the portion of the truss defined by 
panel points 7, 6, and i might be replaced by any rigid 
mass. Having, therefore, found the stress in the member 
LM by this method of substitution, the original web 
members K'J' and J'l' may again be replaced and their 
I found in the usual manner, without further difii- 
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culty. No further use is made of the dotted line xy in 




Fio. 40. 

The treatment of the wind stresses in a Pink truss need 
not be considered here in detail, as the methods to be used 
are the same sls those employed in the preceding articles. 



Art. 17. — Unsymmetrical Trusses. 

The treatment of unsynmietrical trusses is precisely 
the same as for those that are symmetrical. Proper con- 
sideration should, however, be accorded to the determina- 
tion of the panel loads, since these are in general no longer 
equal, and it will usually be convenient to determine the 
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reactions of the truss by means of the funicular polygon. 
In Fig. 41, which represents an unsymmetrical truss carry- 
ii^ at the upper panel points the weights shown, the 
reactions es and sa were determined by means of the 
lower funicular polygon 1,2,3,4, 5, 6, the directions of these 




rays being obtained from Fig. 42. The transference of 
ray 6 from Pig. 41 to P^. 42 then fixes the point 5 which 
determines the amounts of the two reactions. The finding 
of the stresses presents no difficulties tmtil panel point 4 
or 5 is reached, when one of the constructions of the previous 
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article must be anployed. In this case the fimicular 
polygon becomes 4', 3', 2', i', 6', the point of b^;inning 
being chosen at the peak. The ray 7 becomes the closing 
line, and being transferred to F^. 42 determines the position 
of the point /. The remainii^ stresses may then be found 
in the usual manner. 

The precedii^ constructions are all that are necessary 
to determine the fixed or dead-load stresses in any simply 
supported structure, and they are immediately available 
for findii^ the dead-load stresses in railroad or highway 
bridge-trusses. They are also applicable for finding the 
dead-load stresses in the open arms of swing bridges. 
These constructions are equally applicable to the dead- 
load stresses in both cantilever bridges and three-hii^ed 
arches, but the treatment of the fixed-load stresses in such 
structures will be considered at the same time with the 
movii^ loads. 



Art 18.— Bending of Supporting Columns of Rooft. 

The roof-trusses of the preceding articles have been 
treated as resting on supports or walls capable of resisting^ 
the horizontal forces acting against them, but the stresses 
in which do not affect the stresses in the truss members. 
If, however, the roof-truss be a part of the transverse bent 
in the building (Fig. 43) connected to the vertical columns. 
by knee-brackets, then the bending stresses produced in 
the columns cause additional stresses in the members of 
the truss. 

The dead loads and snow loads resting on the roof are 
vertical forces that cause no bending stresses in the columns- 
and no stresses in the knee-brackets, provided the deforma- 
tion of the truss itself be neglected. If the deflections of 
the truss are considerable, however, additional stresses will 
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be produced in the knee-brackets and columns, and also 
in the members of the truss; generally such deflections 
are not considered. It is evident, then, that the methods 
■of the previous articles when treating vertical loads apply- 
also to trusses mounted on columns. Non-vertical loads 




Fto. 43.— Posts Hinged at Top and Base. 



require further consideration. Such loads may include 
not only wind loads, but loads caused by shafting, hoists, 
■cranes, etc. In this article horizontal wind loads only 
will be considered, but the treatment will be general, so 
that it may be applied to loads of any character which 
may be resolved into vertical and horizontal components. 
The wind forces acting against the vertical side of the 
building and causing flexure in the posts must be included 
in the loading. Since that surface is usually much greater 
than that exposed by the roof-truss itself, it is usual in the 
consideration of this type of roof-truss to treat the wind 
load on the truss as horizontal, instead of normal to the 
surface, as previously, but the method is equally applicable 
to normal loads. • 
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Fig. 43 illustrates a roof-truss mounted on the posts ac 
and aV and connected to them by the knee-brackets bd 
and b'd'. It is generally assumed that the upper ends c 
and c* of the posts or coliunns are hinged to the truss so 
that the latter is free to turn about those points; this 
involves the condition that there is no bending moment 
in the posts at those points. Such a condition may never 
be realized in practice, but it is on the side of safety. The 
fastening of the bases a and a' of the columns admits, 
however, of two distinct methods of treatment; 

Case I. The columns may be considered hinged at a 
and a' and free to turn about those points. 

Case II. The columns may be considered firmly fastened 
at a and a'. In that case the anchorage miist provide for 
the bending moments existing at those points. 

In practice it is doubtful if the conditions of eith^ 
Case I or Case II are ever exactly fulfilled. The true 
condition lies probably between the limits indicated, but 
it will always be found on the side of safety, as far as the 
truss or post stresses are concerned, to treat all problems 
by the methods of Case I. It is to be observed that Case I 
requires no anchorage in the base to resist bending, while 
Case II requires an anchorage. 

Case I. 

The problem is most easily solved by three distinct 
operations: (i) Determining the forces causing bending 
stresses in the columns; (2) transferring the loads created 
by these bending stresses to the panel points of the framed 
structure, and (3) finding the stresses in the members of ■ 
the framed structure for these loads and all other external 
loads actii^ upon it. 

The loads to be treated are shown in Fig. 43 as Pi, Pj, 
Pa. and P* ; under certain conditions it will prove convenient 
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to employ their resultant R acting at a distance / above 
the surface. It will first be necessary to find the rect- 
angular componepts H, V, Hi, and Vi of the reactions 
acting at a and a', the bases of the posts. In the following 
treatment H will always be taken equal to Hi ; it is perhaps 
possible, by an analyst based on the deflections of the 
structure, to obtain more acciu^te values, but such refine- 
ment is unnecessary. In the present case, therefore, 



H-H,-S (,) 



Taking moments of all the external forces about a, 

R.f~V-m = o or V^^=-Vi. . . (2) 



The structure may now be divided into the three parts 
shown in Figs. 44, 45, and 46. Figs. 44 and 46 represent 
ttie forces acting on the posts ac and aV respectively, while 
Pig. 45 shows all the panel loads acting on ,the statically 
determinate framework there shown. The forces catising 
flexure in the posts are also loads actii^ on the truss, 
but they are exactly reversed in direction. This is evident, 
for the forces Qi, Qs, Qs, and Q^ are simply used as tem- 
porary devices to indicate forces acting on the posts and 
must be eliminated from the problem by considering them 
as loads causing stresses in the triangular framework. 
Pig. 45 therefore shows, as loads at the panel points, the 
forces Pi, P2, P3, and Pt and also the forces Qi, Q2, Qz, 
and Qi, every one of the latter forces being exactly equal 
but opposite in direction to the similarly lettered forces 
of Pigs. 44 and 46. 

Since the conditions of the problem state that the 
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posts are hinged at the bases, each may be treated as a 
simply supported beam carrying a concentrated load Qt or 




, Flo. 44- Fio- 45- Fk*. 46. Flo. 47- Fio. 48. 

64 at 6 or b', the points of attachment of the knee>brackets. 
Treating post ac and taking moments about b, 

H-g-Qi»-g). 



"■ h-e- 



(3) 



and from the relation that JH=o, 



Ss-ff+Oi. 



(4) 



Eqs. (3) and (4) furnish the values of the forces Qi 
and Qa. and in precisely the same way there may be found 
the values of Q3 and Q^. The shear and bending moment 
existing at every point in the post aV are represented 
graphically in Figs. 47 and 48. The column section must 
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be capable of carrying these shearing and bendii^ stresses 
in addition to its direct stress of tension or compression.* 

The second step in the analysis is to transfer in the 
proper manner to Fig. 45 the forces Qi, Q2, Q», and Qt and 
to unite them with the loads P whenever they act at the 
same panel points. For instance, at panel point c the 
load is —Qi+Pa, whereas at </ it is only — Qa; similarly 
at b the load is —Qz + P*, whereas at b' it is only —Qt. 
It is also necessary to insert as loads on the structure the 
vertical forces V and — Vi at the points b and I/, which 
are also the values of the direct stresses in the posts ab 
and a'b', for they are the vertical components of the reac- 
tions transferred directly from the bases a and a'. 

The stresses in the members of the framework of Fig. 
45 may then be fotind at once by a single stress diagram 
which it is not necessary to reproduce. It will be found 
that the portions be and b'c" of the posts sustain difEerent 
stresses from the lower portions ab and a'b' of the same 
members. 

After having obtained the direct stresses in the members 
be and l/c', these must be imited in the proper manner 
with the bending stresses previously found. It is seen 
that the preceding treatment is perfectly general and may 
be applied to other than horizontal forces. 



Case II. 

Fig. 49 illustrates the second method of treatment 
in which the posts are assumed to be rigidly connected 
at the bases a and a'. In consequence of this rigid con- 
nection each post acts similarly to a beam (Fig. 50) which 

* For the design of tnembeis subjected to comlnned stresses, such as flemre 
and teusioi] or fleiure and compretdoi), bm Bur's " Sesistance of Materials," 
p. 164. 
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is rigidly fastened at one end a, simply supported at the 
other end c, and ■^'hich carries a weight at b acting at right 
an^es to the axis of the beam. The post is represented 
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in Fig. 50 as a horizontal beam, and it contains at some point 

in its length a point of contraflextire, or point of no bending, 
as at e. If it be assumed 
that the points b and c deflect 
equal amounts hi/' and cc", 
the following analysis will 
locate the point of contra- 
flexure. 

The bending moment to 
which the portion ah of the 

beam is subjected at any point distant x froni a may be 

represented as follows: 







M. 



-^~Q^{h-x)-Q,ig-x)-EI^. 



(S) 
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The last member in eq. (5) is derived from the theory 
of flexure, in which the external bending moment at any 

section is equal to Elr-^, where B is the coefficient of 

elasticity, / is the moment of inertia of the cross-section 
of the beam, and y and^ are the respective coordinates of 
any point. Integrating eq. (s), the tangent of inclination 
at any point of the length 06, multiplied by EI, will be 

£^-G.(A«-7)-C.(g»-f) + (C-o). . . (6) 



For the portion be of the span the moment is 

Mi,=Q,ik-x)~Elf^^ (7) 

Integrating as before, 

Ci may be evaluated, for EI%- in eq. (8) has the same value 
as in eq. (6) at the point-fr where «-g. 

Therefore Ci--^ 

a 

and eq. (8) becomes 



,db,GoOglc 



J6 GRAPHIC STATICS. [Ck. I. 

Int^rating again, 



«^=e.(^-f)-2f^+c (.o: 



y in eq. (lo) represents the deflection of any point of the 
beam between b and c. When x=g or h, the deflections 
are equal, accordii^ to the premises of the problem ; that is. 



e.(^-f)-2f+^»-o.(^¥)-2f-S 



C Cu) 



Cancelimg C2 from each member, the following relation 
may be obtained; 

C' 3g' ,,, 

Since the moment of the external forces is zero about 
the point of contraflexure. 

G,((.-*)-e!fe-«. ...... (13) 

S."»^ '■*' 

Subtracting eq. (14) from eq. (12), and solving for k, there 
is obtained 

. g/ 2h + g \ 

'"'Ah + ^gJ (^s) 

Table I furnishes the values of ft in terms of h for 
various values of g in terms of h. 
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Table I. 
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Since g seldom exceeds .5A, and since moreover the 
effect of the vertical loading on the column has not been 
included in the treatment. Table I shows that it will prove 
sufficiently acctuate to take the point of contraflexure 
midway between a and b. 

Having determined the position of the points of contra- 
flexure, « and ^, in Pigs. 51 and 53, the forces causing flexiuie 
in the post may at once be found. The windward post 
only will be treated. 

As in Case I, H — Hi-'~. Since the moment about e 
2 

equals zero, 

OiC*-*)-Q*-*); 
also, Q\-Qi-H from i'H-o; 



(16) 



or precisely the same value as if the post had a length ec 
and the force H were actii^ at e, the latter point being 
considered a hinge support ; that is, as far as the bending 
in ec is concerned, the force H at a might be replaced by 
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an equal force Ha acting at e. The moment at the base o 
is then H^-k^H-k. In the same way a force Hz=H\ 
may be placed at e'. 

The vertical components of the reactions may now be 
found. Taking moments of the external forces about a, 

Rf~H2-k-Hak-Vm = o. . . . (17) 

But H3+H3=-R; therefore eq. (17) may take the form 

R(f-k)-V-m--Vim (18) 

The values of V and Vi are therefore precisely the same 
as if the posts were hinged at the points e and e", and it is 



1^ 





Fio. 51. 



Flo. ja. 



>9i 'Bi' ^ 



Fto. S3- FiQ. 54. Fig. 55. 



seen that Case II is a repetition of Case I if in the former 
the posts be shortened by an amount k. 

Case II therefore requires no further treatment, since 
ifrom this point it is the same as Case I; Figs. 51, 53, 
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and 53 show the panel loads and other forces acting on the 
members. 

It should be noted, however, that the force Pt in Case H 
has not the same value as in Case I, for in Case II it Is 
only the wind load acting on the surface between points 
e and c, whereas it previously was the wind load actii^ 
between a and c. 

Fig. 54 is the shear diagram for the leeward post. 

The moment diagram (Fig. 55) for the leeward post 
shows a zero moment at the point of contraflexure e', 
and a bending moment Hik at the base, which must be 
cared for by the anchorage. Proper attention should be 
paid to the signs of the bending moments to note on which 
side of the post they cause compression or tension. It ia 
also to be noted that the tise of H-i and H3 is only a tem- 
porary device to show more clearly the action of the bend< 
ing forces on the post. 
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INFLUENCE LINES FOR SIMPLY SUPPORTED BRIDGE 
TRUSSES. 



' An influence line is a line showing the variation in any 
function at any section of a beam or in any member of a 
truss caused by any load moving along such a beam or 
truss. It is clear that such a line can be used to indicate 
the position of the moving load causing the maximum 
shears, moments, reactions, or stresses in any structure, 
and it is for the purpose of indicating and obtaining such 
maxima that inSuence lines are used. 

In general, influence lines are drawn for a sit^le xinit 
load, and unless noted otherwise, it wiU be assumed that 
they are drawn for such loading only. 

,,\ 

' Art. I. — Influence line for Reaction. 

A reaction influence line is a hne showing the variation 
of the reaction of a beam under a 
moving load. If AB (Fig. i) repre- 
sents a simple non- continuous beam 
of length /, and Pi a load moving 
over the beam from right to left, its 
distance at any instant from the right 
p^ J abutment being represented by x, the 

reaction R at the left wiU be given 
by eq. i, which is the eqtiation of a straight line: . 




-¥■ 



(t) 



,db,GoOglc 



Art. 2.] . INFLUENCE LINE FOR SHEAR. 6l 

If a line KL, parallel *to the beam and of eqxial length, 
be laid off below the beam and an ordinate be erected at 
the left-hand end representing to scale the load Pi, a line, 
ML, connecting the end of this ordinate with the opposite 
end of the base line will be a line expressing eq. i graphi- 
cally. If the load be at the distance x from B and an 
ordinate CD be erected immediately below this point, 
the triangles CDL arid MKL will be similar, and therefore 

CD MK ^^ Ptx p 

This equation shows that an ordinate between the line 
ML and KL will represent the reaction at the left-hand 
end of the beam for the load Pi placed at a point imme- 
diately over the ordinate; therefore the hne ML is an 
influence line for reaction, since it shows the variation of 
the reaction as the load Pi moves along the beam. 

The influence line thus constructed for a load Pi may 
be used for any other load Q, it being necessary, however, 
to multiply the value of any ordinate drawn for Pi by the 
ratio of QfP\- This applies to any influence line which' 
may hereafter be constructed. 



It* Art 3. — Influence Line for Shear. 

An influence 'line representing the variation of shear at 
any section, CD, in a beam (Fig. 2) as a load crosses the 
span is derived in a similar manner. As a load Pi advances 
towards the section from the right, the shear at any instant 
will be eqtial to the reaction R, or Pix/l, and, as before, 
may be represented graphically by the line LM. 

After passing the section, however, the shear becomes 
equal to the reaction R ■ minus Pi, and is therefore a 
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negative qtiantity. To represent this graphically, ordi- 
nates of a value Pi miist be drawn downward from the 
line OM, and the \ocas of the ends of these ordlnates will 
be the line KQ parallel to the line LOM. The Kne WQK 
will then represent the variation of the shear at the secticm 
CD as the load P\ crosses the span, the shear being positive 
and of' an increasing positive value 
as the load advances towards the 
section, and Negative and of a de- 
creasing negative value as the load 
leaves the section. It is seen that 
the maximuni positive shear is found 
when the load is just to the right of 
the section in question. In practice 
the load is always placed at the section. 

If t wo equal, loads, Pi, separated by a^xed distance o, 
be employed, the maximum shear will be found when one 
of the loads is at the section, and the value of the shear 
will be the sum of the ordinates erected below the two 
wheel loads. 

If t wo une<jua l lo^, P2 and Pa, separated by a fixed 
distance a, be employed, maximum values of the shear 
will again be found with one load at the sectioir. If the 
influence line be drawn for a load Pi, then for the load P2 
placed at the section, both loads Pa and Pa being on the 
beam, the shear will be represented by the algebraic sum 
of the product of the ordinate corresponding to Pj by 
the ratio of Pa to Pi, and of the product of the ordinate 
corresponding to Pz by the ratio of P3 to Pj. 

If the loading advances to the left to such a position 
that the load Pa is at the section, the shear will be repre- 
eented by the a^ebraic sum of corresponding products. 
Trial alone determines which position causes the greater 
maximum shear at the section ; the second position of the 
loading will usually give the greater maximum shear, if 
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p2 be small compared with Pz, if thedistance a be large, 
or if the section CD be near the left abutment. 

This construction can be used in finding the maximum 
shear at any section of a beam when a series of concen- 
trated loads separated by fixed distances, as in the case 
of a locomotive, is used. The operation in such a case 
is as follows : 

An influence line for a imit weight having been drawn, 
the algebraic sums of the products of ordinates erected 
under the various wheel loads by !he actual weight of each 
load must be compared for positions of the loading with 
different wheel loads at the section in question ; the values 
of the quantities so found will indicate not only the posi- 
tion of the loading for maximum shear, but will give the 
value of the shear. This operation is not as tedious as 
it may at first appear, since if is evident that the greatest 
maximiun shear usually occurs with the head of the loco- 
motive near the section. Attention is called to the fact 
that should the loading advance so much to the left that 
new loads appear upon the span at the right, such new 
loads must not be neglected. 



Art. 3. — ^Influence Ijne for the Reactions of a Series of 
Concentrated Loads. 

The influence lines so far considered have involved in 
their construction the use of only one load; and the use 
of such lines, in the case of more than one load, has re- 
quired the use of arithmetical calculations. There will 
now be considered the construction of a line such that the 
variation of the reaction of a beam, as well as the reaction 
itself, when a series of concentrated wheel loads passes 
over the beam, may be measured directly from the draw- 
ing. 

In order to simplify the explanation, only three loads, 
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Pi, P2, and Pi, separated by the fixed distances a and 6, 
will be used, but the construction is general and may be 
applied with ease to any number of loads. Let the posi- 
tions of the loads be shown in Fig. 3, x representing the 




distance of P3 from the right abutment. Taking moments 
about the right abutment, there will be obtained 



R=j[Piia + b+x)+Ps(b + x)+P^], 



(i) 



As before, let KL represent the base line equal in length 
to the span, and let KM represent to scale the loads P], 
P3, Ps, laid off upwards from K in consecutive order- 
From L lay off to the left, in order and to proper scale, 
the distances a, b, and x. Draw the lines ML, NL, and 
OL. At R erect an ordinate RU to the line LO. From 
U draw a line UV parallel to NL to its intersection with 
an ordinate erected at S. From V draw a line VW parallel 
to LM to its intersection with an ordinate erected a T. 
Then WT will represent the reaction at the left end of the 
beam for the positions of the loads as shown; for WT is 
composed of the three parts, TY, YX, and XW, found 
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by continuing LU and JJV %o intersect WT. By con- 
struction, the triangles OKL and YTL are similar. There- 
fore 

VT OK 

TL "KL- 

Substituting the values of those quantities which are 
iaiown, it is found that 

The triangles NOL and XYU are also similar, by construc- 
ticm; therefore 

XY NO 
TR ~KV 

Again, substituting the values of those quantities which are 
known, 



XY- 



I 



By construction, the triangles MNL and WXV are also 
similar. Therefore 



TS KL' "' "^ i • 

By summation, 

YT+XY+WX-jiPil.a+b+x)+P,lb+x)+Paxl 

or the reaction at the left-hand end of the span, as already 
shown by eq. (i). 
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The loads may move any other distance x upon the 
bridge. This involves no change in the figure as drawn. 
To find the reaction for such a chai^ in the position of 
the loading, an ordinate must be erected at a distance 
from the left end of h equal to the new distance x; the 
intercept on this new ordinate between KL and the line VW 
continued will give the new reaction. The line LUVW 
is thus an influence line for reactions, since it shows the 
variaticm in the reaction as the loads Pi, P3, and Pz move 
along the bridge. Thus the ordinate immediately below 
Pi always represents the reaction for that portion of the 
loading. 

In using a miiform load in this form of construction, 
the uniform load should be treated as a series of con- 
centrated loads spaced as closely as the accuracy of the 
problem may demand. 



-Art 4.— Influence Line for Maihaum Shear, for & Series of 
Concentrated Loada. 

It may now be shown that the line constructed in the 
manner described in the preceding article can also be 
used as an. influence line to find the maximtmi shear at 
any section of a beam. Let CD, Fig. 3, be the section of 
the beam imder consideration. If Pi, or the first wheel 
load, is at this section, the shear is equal to the reaction 
due to the loads on the beam or to S'V. If the loading 
advances till Pz is at the section, the shear at the secti(Hi 
becomes equal to the reaction, represented by the ordi- 
nate WT minus Pi. Pi can therefore be laid off down- 
ward from W as WZ. The shear is then represented 
by TZ. If the line V'Z slopes downward to the left, it 
is evident that the shear with wheel load Pi at the section 
is the greater; if the line slopes upward to the left, it is 
evident that the shear is greater with the wheel load Pj 
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at the section. Should P2 give a greater shear, it is a 
simple matter to test wheel load P3 at the section, or, in 
actual practice, any nimiber of wheel concentrations, as 
in the case of a locomotive. The line LUV'Z ... is 
evidently an influence line for shear at the section CD. 



Art. 5.^^Iiiflueiicfl Line for Moments. 

A line which indicates the variation of bending moment 
at any point in a beam under a single moving load is a 
moment influence line. Let AB (Pig. 4) represent a beam 




F». 4. 



of length I^and let ^ be the section which divides the beam 
into the two portions I' and /" and about which moments 
are to be found. If a losid P'-' be on the section /" (at 
the point G, distant xf from B, for instance), the moment 
Jlf' about C- is the product of the left reaction by the 
leo^AC; that is, 



M' 



P"if 



V -P"«', 



(I) 
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If the load P" is a unit load, eq. (i) takes the form 

M'=j.l' (a) 

Eq. (2) is the equatitm of a. straight line and may be 
represented graphically as follows: Erect on the base line 
AB at A a vertical line AE equal in length to /', and 
connect E with B, the opposite end of the span. From 
similar triangles Gif: /':: a/; f; that is. 

Therefore any ordinate between CB and DB represents 
the bending moment at C when the imit load is placed 
directly over such ordinate. Similarly, for a imit load 
on I' between A and C and measuring x from A, the moment 






(3) 



, and the line AD, representing eq. (3) graphically, is drawn 
by connecting F, the end of a vertical I" erected at B, 
with A. The line ADB is thus an influence line for mo- 
ments. It is evident from the construction that the comer 
D must lie vertically below the centre of moments. 

If P' is the load on /', the general value of the moment 
M" represented by eq. (3) is 



/ ' 



(30) 



If the load is Uniform over the entire span and of the 
intensity p, i.e. p being the amount per linear imit, P" 
becomes pdb^ and P*, pdx. By substituting these values 
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in eqs. (i) and (30) and remembering that differential 
moments then result, 

,,,, x'-dxf,, . ,.,„ x-dx„„ 
dM' = p —j — I' and dM" = p—j—l"^. 

The moment M at C then takes the value 



M-f{X"^<b'-l' + flch.-l").iplT 



(4) 



Obviously M has its greatest value at the centre of 



(s) 



It is also clear from the preceding that the area of 
the triangle ABD multiplied by p represents the value of 
the moment JW at C for a uniform load over the entire 
bridge ; its value is 

M-^^ABCD-p (6) 

But CD:AE::BC:AB, therefore 

rn ^EBC I'l" 
^^° AB ~ I' 

Substituting this value in eq. (6), M~^pt'l", as in eq. (4). 
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Art. 6. — Criterion for MaTltwiiin Moment at any Section of a 
Beam. 

By means of the influence line of the preceding article, 
the criterion for the position of a series of concentrated 
loads producing the maximum mom«it at any section 
of a beam may be deduced. Let P" be any load on /" 
(Fig. 4), and m' the value of the influence ordinate corre- 
sponding to this load; P" any load on /', and m the corre- 
sponding influence ordinate; x" the distance of P" from 
B, and x the distance of P" from A ; and then let M be 
the value of the moment at C for any position of the wheel 
loads. If the sign I indicates the summation of terms 
of the same kind, 

M^£{P'm) + I(P"m'). (i> 

The values of m and *n' may be expressed as follows : 

CDAJ CD-x 

*" — AC r~' 

,_CDBG CDsf 
^- BC ^ I" ' 



— K^1-(^)l 



. w 



If the loads advzince a distance Ax to the left, the value 
of M becomes 

M+.w=-<rz,|4e:^] + 4Q^]|.. (3) 
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The change in the value of M is therefore 

For a maximum or minimum JM=o, hence 

IP' SP" 
l'.~ I" 



(4> 



(5) 



If 2P represents IP' + IP", then eq. (5) may take 
the form 

IP 1 ££..:^ 
-jp-f- ■ z ■ ■ -i- ■ ■ ») 

Eq. (6) is the criterion desired; it represents an equa- 
tion whose conditions must be fulfilled for maximum 
moment. 



Art. 7. — UaxJmuin Homents in a Beam. 

It should be observed that the influence line for reac- 
tions, as found in Art. 3, is a funicular polygon for which 
the pole distance is the perpendicular distance between 
the pole L and the line MK. This polygon differs from 
the ordinary funicular polygon, however, in that the various 
loads and distances are laid off in order exactly reverse 
to the usual procedure; that is, the loads are laid off 
upwards beginning with Pi. and the distances o, fc, etc., 
are laid, off from right to left, beginning at the right with 
a. This brings the head of the moving load to the right, 
whereas in the usual procedures the head of the moving 
load is at the left. The significance of this construction 
should be carefully noted. 
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In finding the maximum moments in a beam, it will 
be necessary to use the funicular polygon as a moment 
polygon in the case of parallel forces and also to use the 
criterion deduced in the preceding article. 

In order that the condition of equilibriiun expressed 
by that equation may hold, it will usually be found necessary 
to place a load directly at the section, since any portion 
of this load may be considered to be on either side of the 
section. This criterion is easily adapted to graphic con- 
struction. 

In Fig. 3 of Art. 3 draw LE equal to Pi vertically 
above L ; from E draw a horizontal line imtil it meets at F 
an ordinate drawn vertically from R. Lay off FG equal 
to Pi; from G draw a horizontal line GH, etc.; follow 
this same form of construction for the remainder of the 
oads. The result will be the stepped diagram LEFGH . . . 
representing graphically the summation of all the loads, 
and also of all the distances from the head of the moving 
load to any point in the moving system. 

In the case in hand it is desired to find the position of 
the moving load causing the maximum bending moment 
at any section CD distant m from the left abutment. 
Lay off to scale on the edge of a strip of paper the length 
of the beam /, and from the right-hand end of / lay off m. 
It is important to notice that although the section is 
distant m from the left abutment, the distance m must 
be measured from the right-hand side on the funicular 
diagram, since this polygon is in a reverse position to the 
usual. Move the strip of paper until the load Pz or FG 
is over the section imder consideration. If this position 
gives a maximum bending moment, the criterion must be 
satisfied. Erect vertical ordinates at the ends of the beam 
and at the section xontil these ordinates intersect the stepped 
diagram at A', B', and /. Draw a line from A' to B'; 
if the line A'B' passes through the step of the diagram 
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representing the load situated at the section, the criterion 
will be fulfilled and this position of the loading will cause 
maximum bending. For, in the similar triangles R]A' 
and B"B'A', 



_RJ__Ra;_ .... ilLJi 

B"B'~A'B"' *"**'S' £P -f 



Should the line A'B' not pass through the step GF, the strip 
of paper must be moved until another load is brought to 
the section and the construction above described must be 
repeated. 

If, as in the present case, the criterion is satisfied, the 
bending moment can be immediately obtained. Erect 
vertical ordinates at the ends of the beam until they inter- 
sect the influence line at B"' and A'. Connect these points 
of intersection. As in Chap. I, Art. 10, the value of the 
vertical intercept between this line B"'A' and the influence 
line, when multiplied by the pole distance, will give the 
bending moment at any section. In this way the one 
diagram can be made to serve in finding both maximum 
shears and maximum bending moments in a beam. 

In actual practice it may be found advisable in con- 
structing the influence line to take as a pole distance not 
the entire length of the beam, but only a fractional part 
of it. This will cause the infiuence line to have a steeper 
inclination and will tend to make more accurate the measure- 
ment of all vertical heights, which evidently will be all 
increased in the same ratio. Care must be taken in such 
a case to give to all ordinates, whether for shear or bend- 
ing moment, their proper values. 
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Art. 8.— Mazhnum Stresses in the Web Members of a Truss 
with Parallel and Horizontal Chords. 

The graphical operations of the preceding articles are 
sufficient to furnish all the maximum stresses in trusses 
with parallel and horizontal chords. In finding the max- 
imum web stresses use will be made of the following 
principle: The stress in any web member of a truss having 
parallel chords is equal to the shear in the panel multiplied 
by the secant of the angle which the member makes with 
a vertical. If the shear is known, the stress can be found 
very simply by a graphical construction. Let the vertical 
side of a right-angled triangle represent the shear to scale, 
and let the hypothenuse make an angle with this line equal 
to the inclination of the web member with a vertical. Then 
the hypothenuse will represent the stress in the member 
to scale. 

Therefore, in order to find the maximum stress in a 
web member, it will be necessary to find the maximum 
shear in the panel in which the member is situated, and 
this shear will be found graphically by means of an in- 
fluence line differing but slightly from the influence line 
for maximum shears in a beam. The change involved 
arises from the fact that the loading on a truss is applied 
at the panel points of the chords. It is clear that this 
application of the loads affects only the panel under con- 
sideration, for in the other panels the loads, whether con- 
sidered as they stand or as if concentrated at the panel 
points, cannot influence the shear in the panel under con- 
sideration. 

The shear in any panel is constant between panel 
points, and is equal to the reaction at the left end of the 
truss minus all the loads which may be situated in the 
panels to the left of the panel under consideration, and 
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minus that portion of the loading situated in the panel 
itself which is transferred to its left end. It is evident 
that for maximum shear no load should pass the panel 
itself. There only remams to be considered the distance 
which the locomotive must advance on the panel in ques- 
tion. 

As an illustration, the maximum stresses in some of 
tlie web members of an 8-panel, 208-foot Pratt truss will 
be determined, using as the loading the locomotive con- 
centrations designated in Cooper's specifications as £40, 
and assumed to advance from right to left. 

Let AB, Fig. 5, represent the truss under considera- 
tion. Draw the base line KL equal in length to the total 
length of the truss. Beginning at L and with wheel i lay 
off on KL and towards the left, to scale, the distances 
between the various wheel loads, and erect vertical ordi- 
nates at the points thus found. It should be noted that 
the uniform load is treated as a series of concentrated 
loads, each concentration representing ten feet of uniform 
load. At K erect the vertical KM, and lay off on KM 
upwards, to scale, the amounts of the loads, beginning at 
K with wheel i. Connect the points thus found with L, 
which becomes the pole of the funicular polygon, and 
by the aid of these lines draw the funicular polygon 
LD" . . . N. As already demonstrated, this is an influence 
line for reactions and for shears for a beam with the span 
KL. 

In order to use this line in the present case, it will be 
necessary to find the reactions at the left-hand end of 
any panel when loads are found within such panel. For 
this purpose, a similar influence line must be drawn, using 
in this case, however, the panel length as the length of 
span. This second influence line is shown in the lower 
left-hand comer of the figure as RE; in this case R is the 
pole. 
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In order to find the maximiam stress in any member, 
such as fc-4, for example, it will be necessary to find the 
maximum shear in the panel 3-4: the two influence lines 
already constructed are then to be combined for this pur- 
pose. From panel point 4 let fall a vertical ordinate upon 
the line LD" . . .N, cutting it at G. GH represents the 
shear at the panel point 4, and also in the panel 3-4 when 
wheel load i is at this point. If the load advances so that 
wheel load 2 is at this panel point, the shear cannot be 
measured directly from the original influence line LD" . . . M 
with its value diminished by wheel load i ; the shear is now 
diminished only by that portion of wheel load i which 
is carried to panel pomt 3. The value of this portion is 
known from the line RE, and its position relative to the 
panel point 4 is also known. Therefore this value is 
drawn at the proper point as a negative ordinate from the 
line LD" ...N. 

The same construction is followed for other positions 
of the loading, in which other drivers are at panel point 4. 
The final influence line is GSU, and ordinates between the 
base line KL and GSU will then show the shear in the 
panel, as the loading advances toward the left. By in- 
spection it is then seen that the maximum shear is TS; 
by employing the construction noted in the beginning of 
this article, the line SU', drawn parallel to 6-4, will represent 
to scale the stress in 6-4. The stress in the vertical 6-3 
is found at the same time and is equal to the maximum 
shear in the panel or TS. 

A similar method of procedure is followed in the case 
of all the other web members, including as such also the 
raid post. The graphical operations may be performed 
very expeditiously by treating the same load at one time 
in all the panels. By this means the counter-stresses in 
the members are also found at once, for the stresses in 
those members situated to the right of the centre of the 
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truss indicate the maximtim compression which can exist 
in the corresponding members to the left of the centre; 
For convenience the stresses in these members have been 
foiond as if they sloped downward to the right instead 
of downward to the left. 

The dead-load stresses can be found in the usual manner 
by a force polygon, or by representing the shears in the 
truss by a stepped diagram, and using the construction 
employed above. By comparison with the Uve-load 
stresses, the necessity of counter-braces is at once deter- 
mined, and also the values of their stresses. 



lum Stresses in the Chord Members of a Truss 
with Parallel Chords. 

In order to find the maximum stresses in the chord 
members of a truss with parallel chords, the principle of 
sections will be employed. The method used, however, 
can only be applied, as far as the present analysis is con- 
cerned, to those trusses in which the centre of moments 
is found in a vertical line drawn through a panel point of 
the loaded chord. The truss and loading represented in 
Fig. 4 will again be employed and the maximum stress in 
the upper chord member b-c will be determined. Panel 
point 4 is the centre of moments for this case; therefore 
the maximum moment at the point 4 must be fotmd. As 
already noted, the funicular polygon LD" . . . N is in a 
reversed position to the loading as it advances on the 
truss from right to left. Let the line BA below the line 
KL represent the truss laid off to scale on a strip of paper, 
the point 4 representing the centre of moments. By use 
of the stepped diagram, explained in Art. 7, it is found 
that wheel 9 at the section gives one position for maximum 
bending. By erecting ordinates AA' and BB" and drawing 
the line A'B", the bending moment CD" is graphically 
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obtained, but it must be multiplied by the pole distance 
in order to be expressed in proper units. The maximum 
hve-load stress in b-c is the bending moment thus found 
divided by the depth of truss. The dead-load stress is 
found either by a force polygon or by means of a moment 
curve. 



Art. 10.— Influence Lines between Adjacent Panel Points. 

Beams and girders as a rule carry the loads imposed 
upon them at any point in their spans. In the usual types 
of trusses, however, and sometimes 
even in the case of long girders, 
the load is brought upon the 
structure at fixed panel points 
only. Due to this redistribution 
of the load at panel points, it be- 
comes necessary to investigate the 
change occurring in influence lines 
which may have been drawn under 
the as^mption that a load acts 
P,P g where/ it appears to be placed. 

Let Fig. 6 represent two adjacent 
-panel points designated as points «— i and n, and let the 
load P be distant x from n. The effect of the load P on 
the members of the truss will be that due to its distribution 
to the adjacent panel points. In this case the equivalent 
effect is that due to forces equal in amount but opposite 
in direction to the reactions of a load P on a span of panel 
length I. If these forces are represented by Rn-\ and R, 
there will be found 




Rn- 



_Px 
~ I ' ■ 

Pjl-x) 



(2) 
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Let the ordinates of the influence line beneath the 
panel joints and beneath the load be designated respect- 
ively by y„-i, y,, and y. Since the product of the load P 
by its influence ordinate must be equal to the sxim of the 
products of its parts, each multiplied by its corresponding 
coordinate, there will be obtained 

Py=Rn-xy.-x^Kyn (3) 

By the substitution of the values of eq. (i) and eq. (2) 
in eq. C3) there will be found 



y=j:v»-i+-p^n (4) 

In this expression x is the variable quantity, and since 
it appears only in the first degree, the line which eq. (4) 
represents must be a straight line. The following rule 
may therefore be deduced: An influence line for a single 
moving load showing the variation in any function for 
any part of a truss is a straight line between adjacent 
panel points. 



Art. II. — Moment Influence Lines for Any Truss. 

If the centre of moments lies on a vertical which in- 
tersects the loaded chord line within the limits of a panel, 
the moment influence line treated in Art. g must be 
modified in consequence of the redistribution of the loads 
within the panel to the panel ends. 

In finding the stress in the chord member BD, Pig. 7, 
where the centre of moments C falls within the panel BD, 
the influence line drawn without reference to the existence 
of the panel is only correct for the portions of the truss 
AB and DE, since in finding the moment at C the loads 
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on these portions of the truss are not redistributed. It 
has been shown, however, (Art. lo) that all influence linea 
for single loads between panel points are straight lines; 




therefore that portion of the influence line which lies within 
the panel is then constructed by connecting / and F, the 
points of intersection of the influence line already drawn 
with the verticals erected at the panel ends. The in- 
fluence line is then EFJA . 

In order to find the position of a series of concentrated 
loads causing the maximum moment at the section C, it 
will manifestly be incorrect to use the criterion found in 
Art. 6, but the proper criterion is easily deduced. 

The following notation (Fig. 7) will be employed : 

I' and f'~the distances from the left and right abutments 

to the centre of moments respectively; 
/ =the length of span ; 
p = the length of panel ; 

q =the distance from the centre of moments to the left end 
of the panel; 
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P and P' =any loads on the sections AB and DE respect- 
ively ; 

P" =- any load within the panel BD ; 

X, sf, and «" =the respective distances of P, P*, and P' 
from the right ends of the various sections; 

m, m', and «=the respective influence ordinates for P, P, 
and P". 

Then, as usual, the moment M for any position of the 
loads becomes 



M = S{Pm) + I{P' n) + £(,P -m'). . . (i) 

If the ordinate n is divided into two parts n' and n" 
by the line BF, then the moment M for any position of 
the loads, using a notation similar to that before, becomes 

M - 2iP-m) + 2{P' ■«') + £{P' ■«") + 2{P-m'). (a) 

Eq. (i) may take the following form by substituting 
for the influence ordinates equivalent values found from 
the similar trangles of Fig. 7 : 

-4- "-^]-4--^]- <3) 



If the loads advance a distance dx to the right, the 
change in the values of the moment becomes AM and is 
«qtial to 
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..[P.'f..].4^.'-2:±pi)-] 

For a maxuniun or minimum JM =o ; noting that 

there is found 

^P-l[lP+P' + P")^] + l[p"i]-o. . . (4) 

If SW represent all the loading on the span, then 
eq. (4) will take the form 

. IP+i^P"-jIW (5) 

This criterion is used in the same manner as the crite- 
rion deduced for finding maximum moments in a simple 
beam, but it differs from that in one respect, viz., the 
left-hand member of eq. (4) does not include the sum of 
all the weights in the panel, but only a definite portion. It 
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will usually be found that the conditions of the equation 
are fulfilled by placing a wheel load at the left end of the 
panel. 



Alt. la. — ^Variation of Moment within a Panel for a VviaA, 
Position of the Loading. 

Before proceeding with an example showing the appli- 
action of the criterion just deduced, it is advisable to show 
that if a series of concentrated loads is fixed in position 
on a truss, the variation of the bending moment between 
panel points may always be represented by a straight line. 
Let it be reqtiired to find the variation of bending moment 
in the panel p of the truss shown in Fig. 8, the position of 



the wheel loads being fixed. Let R be the reaction at A, 
the left end of the truss, for all the loads shown on the 
truss, and i?i the reaction at the left end, C, of the panel 
CD, for the loads within the panel; the other notation 
to be employed is shown in the figure. Then 

i?-i'i[(a + & + c+... + K)+P2(b + c+d + ... + «)... 

R\=[P»{c+n')-\-Pi{n') ... }^, m' being the distance between 

Pt and the right end D of the panel. 

If M represents the moment at any point in the panel 
p distant x from A, 

M~R-x-Piix~m)~P2(x-a-m) ... -Ri(x-l'). (i) 
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Eq. (i) shows that between panel points M varies 
directly as the first power of x, and that the variation may 
consequently be represented by a straight line. There- 
fore to find the moment at any section within a panel, for 
a fixed position of the loading, it suifices to know the 
moments at the panel ends; by connecting the ends of 
the ordinates representing these end moments by a straight 
line, any intermediate moment is at once obtained. This 
method is easily applicable with a funicular polygon, since 
the latter is a moment polygon for parallel loads. 

Alt. 13. — ^Problem in Finding the Maximnm Stress in the Loaded 
Chord Member of a Truss with Web Members all Inclined. 

An application of the principles of the preceding articles 
will be made in finding the maximum stress in the loaded 
chord member 3-4 of the 6-panel deck-truss shown in 
Pig. 9. The following data are given : 

Panel lengths, all equal 29 feet 

Length of truss 174 " 

Depth of truss at panel point o . . . . 19 " , 

Depth of truss at panel point h 24 " 

Depth of truss at panel point c 25 " 

Locomotive loading: E 40. Cooper's Specifications. 

The reaction influence line LMNPQ . . . and the stepped 
diagram LABCDE ... are drawn in the usual manner. 
The truss itself is redrawn on a separate strip of paper, 
but in the reverse position to that of the upper diagram, 
the reason for whidi has already been explained (Art. 7). 
It is shown in dotted lines in the lower part of Fig. 9. 
This strip of paper must then be placed in such a position 
that the criterion of Art. 11, 

P * 
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is satisfied with respect to the member 3-4. 

In this case, q is the distance 3 to <;';/) is the distance 
3 to 4; /' is the distance i to c*; /is the distance i to 7. 

Wheel 8 will rest at panel point 3 if the truss be placed 
in the position shown in the lower part of the figure. Verti- 




Fic. 9. 



cals erected at the ends of the truss and at the panel points 
3 £ind 4 will intersect the stepped diagram at the points F 
E, A, and C respectively. 

SW is then represented graphically by EE', and £P 
either by A'A oc A'B, since wheel 8 may be taken to act 
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either to the ri^t or left of the panel point. For a similar 
reason, IP" may be represented correspondingly either 
by A"C at B'C. From similar triangles, 

GG':EE'::FG':FE': 

that is, 

GG'-jIW. 
Accordi:^ to the critericm, GG' must equal either 

P 



A'B + ^B'C, 

Frc»n similar triangles it is seen that 

^A"C =A"'G"', and that ^B'C -B"G". 
P P 

Therefore, by substituting these values in the criterion, 
the value of GG' should equal either G'G'" or G'G" . In 
the present case G'G lies between these two values; it is 
evident that if wheel 8 be divided intd proper parts at 
the panel point, the conditions of the criterion will be 
exactly fulfilled. In practice, therefore, it is only necessary 
to determine whether the point G lies between the lines 
BC and AC\ if it does, as in the present case, this position 
of the loading will furnish one maximum value for the 
stress in 3-4. 

It will usually be found that more than one position of 
the loading will fulfil the required conditions; in such a 
case the actual values of the stresses must be determined 
and the absolute maximum taken. 
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The value of the moment at C is found by means of the- 
method of Art. 12. The closing line FQ of the funicular^ 
polygon is drawn and the points M and A^, corresponding: 
to the panel points 3 and 4, are connected by a straight 
line; the intercept XY when multiplied by the proper 
pole distance will give the value of the moment; in this 
case 8,352 ,000 foot-pounds. The stress in 3-4 is this 

moment divided by the lever-arm cc' ; that is, -^ = 

334,100 pounds compression. The stresses in the other 
members of the loaded chord will then be found in a pre- 
cisely similar manner. 

Art. 14. — Determination of Stresses in ThrM ITon-concuirent 
Members of a Truss. 
A frequent problem * in statics is the determination of 
the stresses in three tn^s members not meeting in a 
point. It is assumed that the external forces are fully 
known in regard to the magnitude, direction, and point of 
apphcation. In the following treatment these external 
forces may therefore be replaced by their completely 
known resultant. Let the section mn. Fig. lo, cut the 




three members U, L, and D of the truss, and let R repre- 
sent the position, direction, and magnitude of the re- 
sultant of the external forces situated at the left of the 

* See Cbap. I., Alt 13, for a solution of the same problem, but stated b more 
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section and which holds in equilibrium the stresses in the 
members in question. 

Continue L till it intersects R at a. Then connect b, 
which is the intersection of U and D, and o by the line C, 
and which, for the present, may be assumed the line of 
action of a supplementary force acting through a and b. 
Tlie force polygon stu may then be drawn by using the 
three concurrent forces R, C, and L, since only the amounts 
of C and L are unknown. This operation can be repeated 
with the forces C, U, and D, assuming in this instance C 
to be completely known. The resulting triangle is suv. 

If C in the second case be given a direction opposite 
to that in the first case, it is found that the supplementary 
force C is annulled; in other words, the resultant of two 
of the forces balances the resultant of the other two. Thus 
the forces R, L, D, and U form a closed polygon, and the 
forces which are represented by the sides of this polygon 
are in equilibriimi. The stresses D, L, and U are then 
completely determined. 

Art 15. — Stresses in the Web Hembers of any Simply Supported 
Truss. 

In order to determine the variation of the stress in the 
web member or diagonal D of any truss such as shown in 
Fig. II, in which the moving load traverses the lower chord, 
let a load P move over the truss from the right abutment 
to panel point 3. By the method of sections and moments 
it can be seen that the stress in D in this case is influenced 
simply by the reaction R at the left abutment ; it is clear, 
therefore, that with the load P between panel points 3 
and 5 the stress in D will always be of the same sign. 
In the same way for a load P between the left abutment 
and panel point 2 the stress in Z) is influenced only by the 
reaction R". This stress will always be of an opposite 
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kind to that with the load between the points 3 and 5. 
It should, however, be noted that these statements do not 
apply to trusses of that kind in which the two chord mem- 
bers which are cut by the section meet within the limits 
of the truss * In the following treatment, therefore, trusses 
of this character are excluded. 

It must be evident that some point in the panel 2-3 
(Fig. 11) must be a critical point for deciding how far 






a load may advance into the panel before the stress in the 
diagonal of that panel is reversed. This critical point 
will be found where the load if applied will cause no stress . 
at all in the member. The following construction will 
determine its location. 

Continue the unloaded chord member a-b until it meets 
the lines of action of the reactions at g and h; then draw 
the lines gk and hk through the panel points 2 and 3 to 
the intersection k. A vertical line through k will deter- 
mine the desired critical point, as will be shown. Assume 
any load P placed vertically over k. Its effect on the 
stresses in the members of the truss is the same as if it 

♦ Sec Art. 23 of this Chapter. 
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were replaced by its components P2 and Pa acting at 
panel points 2 and 3, the amounts of which are found by 
means of the triangle afej, a funicular polygon for this 
loading on a span equal to the panel length. The force 
polygon corresponding to this funicular polygon is shown 
in Fig. II, and represents Pj and P3 to scale. In a similar, 
manner 523/1 is a funicular polygon for the forces R, R', 
Pj, and P3, and the values of the reactions R and R' of the 
main truss are found on the same force polygon, Fig. 11, 
by drawing a line through the pole O of the force polygon 
parallel to ab. The forces whose moment is to be taken 
and which cause stress in D are therefore R and Pa. 
Their resultant, whatever be its value, acts at the inter- 
section of the strings ab and 23 of the funicular polygon. 
But this point of intersection is also the intersection of 
the two chord members U and L, and is the centre of 
moments for finding the stress in D. The resulting moment 
of R and P2, therefore, is zero and the diagonal sustains 
no stress for this position of the loading. Therefore loads 
advancing from R' to the critical point K will cause stress 
of one kind, and loads from R to K stress of the opposite 
kind. Trusses with the loading on the upper chord are 
treated in a precisely similar manner, the construction to 
be followed in any case being simply this: Continue the 
unloaded chord member cut by the section till it intersects 
the lines of action of the reactions; then draw lines from 
these points through the ends of the loaded chord member 
which is cut by the section, and the intersection of these 
lines will give the desired point. 

If the moving load is a uniform load, its position for 
the maximum stresses of opposite kinds is immediately 
found; the loading extends alternately from either point 
of support to the critical section. The value of the stress 
itself may be found quickly in a manner which, although 
approximate, is sufficiently exact to cover the usual cases 
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occurring in practice. The stresses so found will have a 
value slightly greater than those which actually exist. 
Assuming the load to advance from the right abutment, 
the approximation consists simply in neglecting that por- 
tion of the loading acting downward at panel point 2, 
and considering the stress in the diagonal to be caused only 
by the reaction R. The value of R may be found very 
simply either analytically or graphically. By means of 
the construction explained in Art. 14 the stress in the 
member may then be found as follows : 

The reaction R acting at i holds in equilibrium the 
three unknown forces U, D, and L. Continuing U and L 
to intersect at m, and letting D intersect R at n, the force 
acting along the line mn is found to balance these two 
pairs of concurrent forces. In order to obtain the value 
of D, lay off upwards from « the value of R equal to np. 
Through p draw a line parallel to Z) to intersect mn at q; 
pq will then be the stress in D, and will- be completely 
determined in regard to amount and direction. In order 
to find the greatest counter-stress, the load must cover that 
portion of the truss not loaded before; otherwise the 
■operation is precisely similar to that just described. 

Art. 16. — Infioence Line for Stress in any Web Member of a 
Simply Supported Truss.* 

Method I. 
As a xinit load passes over the bridge from right to left, 
an influence line for the stress in any diagonal, such as AC 
of the truss shown in Fig. 12, may easily be drawn. In 
this case the load is carried at the panel points of the lower 
chord, but the methods to be used are also applicable to 
trusses in which the load is carried by the upper chord. It 

• That ^pe of tniss, however, in which the chord membera 
the limits of the span ia agaiD excluded (see Ait 15). 
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is clear that all loads between points R" and B will cause 
stresses in the diagonal of the same sign, and their aggre- 
gate magnitude will vary directly as the left-hand reaction. 
The variation of this reaction can be indicated by an influ- 
ence line for reactions, and is a straight line for a unit load. 
Therefore the influence line for stress in the diagonal AC 
for a single load may be drawn upon the reference line 




MN, as a straight line NL between R' and B', its slope 
must be fixed by locating two of its points. 

Similar reasoning holds for the distance RC. Hence 
the influence line for this portion of the truss is. also a 
straight line, but since the stress is of an opposite kind 
from that when the load is between R'. and B, the line 
MK is drawn below the reference line. There still remains 
to be determined the influence line when the load is in the 
panel itself. 

It has already been shown (Art. 15) that -there is a 
point D in the panel where a load, if placed, produces no 
stress in the diagonal of that panel ; and it has been shown 
(Art. 10) that all influence lines are straight lines between 
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panel points. Therefore the influence hne in the panel 
itself is found by drawing any straight line throi^h W 
found vertically below D. The line KLfL intersects verticals 
drawn through the panel points Ig and B. The influence 
line is then completed by connecting the points K and L 
with the ends of the reference line M and N, since it has 
just been shown that these portions are straight lines, and 
two points upon each of these lines. have now been found, 
Ordinates above the reference line indicate stress of one 
kind, and ordinates below, stress of the opposite kind. 
The scale with which to measure the influence ordinates 
remains to be determined ; but it is clear that if the stress 
is known for one position of the load, such as B, the scale 
is immediately fixed. 

The influence line for a unit load having thus been found, 
the position of a series of concentrations causing the greatest 
stress can be found precisely as in Art. a. The loads 
having been placed in a trial position, the sum of the 
products of the ordinates of the influence line by the amount 
of the load placed over any ordinate may be found and 
compared to another trial position. The greatest sum 
will give the position of the loading for maximum stress 
and, by means of the proper scale, the stress itself. It is 
possible, however, by the aid of the influence line just 
developed, to deduce a criterion which will at once enable 
the position of the loads causing the maximum stress to 
be determined. (Art. 17.) 

The ease with which uniform loads may be treated is at 
once evident from Fig. 12 ; for maximum stress it is only 
necessary to cover the portion Niy of the truss ; knowing 
the scale of the diagram, the stress in AC is the area L^LN 
= ^D'NxGL. These distances are easily measured from a 
carefully executed diagram. 

The scale of a stress influence diagram may be found as 
follows: Let there be placed at any panel point of the 
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loaded chord a unit load, and let there be drawn for this 
one load an ordinary stress diagram for the structure 
furnishing the stress for each member for the one load 
employed. These stresses provide at once a means of 
determining the scale of all influence-line diagrams, for 
they furnish for each influence line the value of the 
ordinate below the point of application of the load. 

The use of influence areas becomes immediately avail- 
able in actual design work, if an equivalent uniform 
load could be fotmd to replace locomotive concentrations. 
Such an equivalent load, however, would vary not only 
with the span lei^hs, but also with the purpose for which 
it is to be used, that is, for moments or shears. It is 
becoming more the custom, however, in bridge-design 
offices to obtain an equivalent imiform loading for every 
span length, and for all conditions. Once obtained and 
tabulated, they may be quickly applied in all infiuence- 
line work. 

Method II. 

The variation of the stress of a web member, such as 
CG, in the truss shown in Fig. 13, may under certain con- 
ditions be more conveniently represented by the aid of the 
following analysis: 

li —that portion of the span length between the left abut- 
ment and the left end of the panel cut by the section ; 

i2="that portion of the span length between the right 
abutment and the right end of the panel cut by the 
section ; 

p = the panel length ; 
I ""the length of truss ; 

w-the distance between the centre" of moments and the 
left abutment ; 

X — the distance of any load from E, the centre of moments ; 
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Ra and Rb = the left and right reactions respectively ; 
d =the lever-arm of CG about E (not shown) ; 
S"* and Sfl —the stress in the member for a single load on 
each span section /■ and /a respectively. 




Then, for a imit load 00 h, the general explosion ior 
Sa becomes 



Buti?B-i==; 



Similarly, for a unit load on the span I3, the general 
value of Sb becomes 



Sb- 



Ra-i" 
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. {l-k-m-x)m 

■ ^B M 



(3) 



The variations expressed by eqs. (2) and (3) may in the 
usual manner be represented by straight lines. But when 

x = o the values of Sa and Sb each become equal to tt ; 

this means that the straight lines intersect or cross at the 
origin of ordinates (also origin of moments) where x=o. 
Following this reasoning the influence line for stress in 
CG may at once be drawn; through any point, as U, in 
the vertical line through E draw the lines UV and UT 
to the ends of the span. When x=m, Sa=°', and when 
x=l-\-m, 5fl-=o. Hence eqs. (2) and (3) represent the 
lines UYT and WW. Dropping the verticals CW and 
DY and connecting W with 1^, the influence line VWXYT 
at once results, for within the panel CD this line is straight. 

Whenever the centre of moments falls within convenient 
limits on the drawing, Method II is preferable to Method I, 
as it is general and holds whether -the centre of moments 
falls within or without the Hmits of the span. 

The scale with which to measure the influence line 
is easily obtained, for, after having obtained the stress in 
CG for a load placed at any point, such as D, the scale 
for the remaining ordinates is at once determined. 

It should be noted that this analysis is also directly 
applicable for drawing the influence lines for the stresses 
in the chord members. 
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Art. 17. — Criterion to Determine Position of Loading for 

MuTinillTn Web StTCBS. 

The web member CA of the truss shown in Fig. 12 will 
■foe chosen, and it will be supposed that the loads advance 
upon the bridge, along the lower chord, from right to left. 
It is at once seen, by inspection of the influence line, that 
in general no load must pass the panel in question, since 
loads in that portion of the truss to the left of the panel 
will always cause negative stress ; the exact distance which 
the loading must advance into the panel is then the quantity 
-which must be determined. Let / be the distance from 
the end of the span R' to the point D at which a load causes 
no stress in CA ; /' the distance from the right end of the 
panel to the same point D; x the distance of any load P 
from the end of the spaii; x^ the distance of any load P 
from the right end B of the panel; m the general value 
of the influence ordinate between R' and B corresponding 
to a unit load; (m — m') the value of the similar quantity 
between B and C ; a the value of m' at the point D ; IP 
all the weights on the bridge; IP" the weights on the 
panel BC ; and 5 the stress in the member AC. Evidently 

S = IPm~IP'm' (i) 

From similar triangles there is foimd that »*=-r and 

axf 
■m''^~p-. Substituting these values, eq. (i) becomes 



S-a]jIPx-ilPx'\ (2) 



If the train advances to the left by an amount equal 
to Jx, the stress becomes 

S'-a\jIP(.x+Jx)-Y^P{x' + Jx) \. 
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and the change in the stress is therefore 

dS=S'~S = a\jIP4x~j,IP'dx\, . . (3> 

assuming that no new loads advance upon the truss, and 
that no new loads enter the panel. 

For a maximum or minimum ^5 = 0; hence for this 
condition 

This equation is a perfectly general equation of condi- 
tion for finding a maximum' stress, and is made applicable 
for finding the greatest counter stress by substituting for 
/ and /' the proper quantities measured from the left ends 
of the truss and panel. 

In order that eq. (4) may hold, it will usually be found 
necessary to place a weight at the panel point B, and to 
consider only so much of it in the panel CB as may be 
necessary to fulfil the conditions of the equation. 

This criterion may be used graphically precisely as in 
the case of moments in Art, 7. Lay off the weights Pi, 
P2, etc., on a vertical line passing through A^, Fig. 12, 
beginning at the bottom with Pi, and on a strip of paper 
lay off the distances between the loads, beginning at the 
right with Pi. Let NE represent the total load £P on 
the bridge, Pa being at the panel point B. Connect D' 
with £ by a straight line cutting a vertical erected at B 
or Pz at F. If a horizontal line drawn through F inter- 
sects the load P2 on the line NE the equation of condition 
is satisfied, and this will be one position of the loading, 
causing maximtxm stress. For, from similar triangles, 

D;G_NH V IP' 

DN~NE °^ l~IP- 
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Application of the Criterion. 

An application of this method to find the maximum and 
minimum stresses in the diagonal S* of the truss shown in 
Fig. 14 will now be made. The following are the required 
data: 

Span = 264 feet; number of panels = 8; panel length 
= 33 feet; depth of truss at centre = 42 feet; length of 
53 = 39 feet; length of Si=3i feet; loading = £4o of 
Cooper's specifications. 

Following the methods of Art. 15, it will be found that 
D is the point where a load, if placed, will cause no stress 
in Si, and this point is projected vertically downward 
as D' upon the base line MN. It will be supposed that 
the loading has advanced upon the span from the right, and 
to such a point that wheel load 3 is at the panel point B. 
The number of concentrations on the span, as well as the 
position of each load, is easily found by laying off to scale 
on a strip of paper the distances between the loads and 
moving this strip until wheel 3 is at the point G. The 
line MN shows this particular position of the loads. It 
should be noted that 10 feet of uniform load are treated 
as one concentrated load, the effect of the latter being 
to act at the centre of the lo-foot section. The amounts 
of the wheel loads are then laid off upward in regular 
order on the vertical erected at the right end of the base 
line, extending from N to E. The points D' and E are 
then connected by a straight line and a horizontal FH 
drawn through F, the intersection of D'E with a vertical 
erected at G. Then, since FH intersects the load line in 
the load 3, the conditions of eq. (4) are fulfilled, and this 
position of the loading causes a maximimi stress. 

In order to determine the actual stress in S^, it will then 
be necessary to find both the reaction at the left end of the 
span and the reaction at the left end of the panel ; these 
may be found, both for this position and other positions 
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which the loading may occupy, froitt a reaction influence 
line NSTU for the main span and a line VW, shown in the 
left-hand comer, for the panel length. These forces XY 
and X'Y' are the only external forces acting at the left 
of the section passing through the members UsS^ and L3 ; 
therefore their resultant holds in equilibrium the stresses 
in these three members and these stresses may be fotmd 
by means of the method of Art. 14. 

At this point, however, an approximation involving 
but small error and that on the side of safety will be in- 
troduced and consists simply in neglecting the panel re- 
action X'Y'; that is, instead of taldng the resultant of 
these two external forces, which acts a little to the left of 
the point R, only the reaction XY at R is taken. The 
point A, wjiich is the intersection of the lines of application 
U3 and Si is then connected with the point R, which is the 
intersection of the lines of application of L3 and XY, and 
the force diagram PRLK drawn, the line RL representing 
to a much reduced scale the ordinate XY found from the 
reaction influence line below the wheel load i. By means 
of the proper scale, the maximum stress in St is thus found 
to be a tension of 157,000 pounds. 

In order to find the mmimum stress, the maximum stress 
in the member S^' situated in a corresponding position on 
the other side of the CCTitre of the truss will be found. 
By means of an exactly similar construction to that em- 
ployed above, it is found that wheel load a at panel point 
C will cause a maximum stress. The reaction is foiand 
to be X" Y" and the stress by means of the polygon R'P'K'U 
at the right end of the stress is found to be a compression 
of 52,000 pounds. The length R'L' is equal to X"Y". In 
order to avoid confusion between main and counter stresses, 
the diagrams for main stresses should always be drawn at 
the left end, and those for the counter stresses at the right 
end of the trms. 
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As already noted, the values of the stresses found in this 
manner are not quite exact; in order to make them ab- 
solutely so, the effect of the small forces acting at the left 
end of any panel in question must be included and may 
be treated as if existing independently of the main reaction ; 
the quantity thus found separately must be added alge- 
braically to the stress previously found to make the latter 
exact. For instance, in the case of 5* the quantity X'Y' 
is equal to 6500 pounds acting downward at C; passing 
a section through [/a, 5«, and L3 it is found that, diie to 
X'Y', St sustains a compression of 7000 poimds; the exact 
stress in S* is therefore 157,000 — 7000 = 150,000 pounds 
tension. The percentage of error involved in the approxi- 
mation is never very large; the judgment of the designer 
must determine whether to apply the exact procedxire or 
whether to make the approximation. Stresses in the 
other web members may then be found by similar methods 
of procedure. 

There still remain to be determined the stresses in the 
chords, which are found precisely as in the case of trusses 
with parallel chords by finding the maximum bending 
moments at the various panel points and dividing those 
moments by the proper lever-arms for the various chord 
members. For instance, to find the maximimi stress in 
L3 the maximum bending moment for the point A is 
divided by the distance AC, and the quotient is the stress 
in L3. In this way all the live-load stresses may be found ; 
the dead-load stresses, as usual, are to be found by means 
of the ordinary force polygon. 

The preceding work, involving the use of wheel-load 
concentrations, requires that for every truss a separate 
reaction influence hne NSTXU must be drawn. This 
requires carefid draughtsmanship, and could be avoided 
if equivalent uniform loads could be fixed upon, for th«i 
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the methods of Art. i6 would be simply applied, and 
influence areas would replace influence lines. 



Art. i8. — Trusses with Subdivided Panels. 

Trusses of long spans frequently have panels subdivided 
in the manner shown in Fig. 15. In the case there shown 




Fig. 15. 

the panel i-a^-s is divided by the tie-rod M^Lt, which is 
hiuig from the point M4 and which distributes the weight 
it carries at its lower end to the main panel points of the 
truss by means of one of several subsidiary trussed panels; 
In this way, long stringers and consequently heavy floor 
systems are avoided. The stresses in the truss remain 
perfectly determinate, but the criteria previously deduced 
either need some additional explanation or require some 
modification to be applicable to this form of truss. It should 
be noted that C/3L5 is tjie main web member of the panel 
isLa and that C/bZ-s is the coimter member, but that por- 
tions of each of these web members are also included in 
the subordinate framing. The members M3M4, U^Mt, 
etc., shown in dotted lines are not true parts of the truss; 
their functions are simply to support compression members 
at intermediate points, and thus by reducing their effective 
lei^hs permit the use of higher intensities of stress. 

In the treatment which follows it will not be necessary 
to discuss both the main and counter web members, since 
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the same methods are applicable to both ; it is only neces- 
I sary to remember that main members have their maximum 
I stresses when the loading covers the longer portion of the- 
[ truss and counter members when the loading covers the 

shorter portion of a truss. 

Considering, then, only the panel LzL^, Figs. i6 to 19, 

the dotted lines illustrate the various ways in which the 




Fkj. 16. 



Fig, 17. 



subordinate bracing may act to transfer the load at the 
point M* to the panel points La, Ls, U3, and Us- In 
Fig. 16 the trussing LsM^Ls distributes the load to L3 and 
Li; in Fig. 17 the trussing U3M4US distributes the load 
to Ua and 17^; in the former case the subordinate inclined 
bracing (shown in dotted lines) is in compression; in the 
" latter, in tension. In Fig. 18, the trussing VzM^z dis- 




Fro. 18, Flo. 19. 

tributes the load to t/s and L3 and similarly in Fig. 19, 
t/fiMiLo distributes the load to Us and Ls; in these two 
cases the subordinate bracing is partly in tension and partly 
in compression. The tie-rod sustains tension in all cases. 
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Art. 19. — Mw'^"!'"" Web Stresses in Trusses with Subdivided 
Panels. 

It is at once seen that the bracing shown in dotted 
lines in Figs, 16 and 17 transfonns the short stringers 
L3L4 and L4L6 into one trussed stringer, and that the loads 
on the panel lei^h LaLs are distributed only to the points 
L3 and Li. The criterion of Art, 17 may then be imme- 
diately applied as it stands, taking L^Lb as the panel 
length. The maximum stress in U^Ls will then be found 
as the tension resulting from the position of the loading 
determined by this criterion; but in Fig, 16 this stress 
must be decreased for M^Li by the ainount of compression 
which this portion of f/aLs carries as a member of the 
trussed stringer. Similarly in Fig. 17 the stress in t/sM* 
must be increased by the amount of tension which this 
member carries as its share of the trussed stringer. 

In treating the web member of Fig. 18, it will be neces- 
sary to consider the form of the influence line for stress 
in ilftZ-6, Passing a section throi^h UzUs, MtLs, and 
L4LG, it is at once seen that for a load between the right 
abutment and Ls, the stress in M^La varies directly as the 
left-hand reaction. Similarly for a load between the left 
abutment and L* the stress varies directly as the right- 
hand reaction. Consequently the criterion of Art. 17 is 
directly applicable to M^Lii, the panel length in ^this case 
being the short panel LtLf. TTus reasoning applies in 
exactly the same way to the short panel lei^th LgLt in 
the case of U»Mi of Fig. ig. 

The maximum stress in the remaining portion of the 
member UgLs in either of these t\yo cases is then assumed 
to be that already determined for the other portion, in- 
creased or diminished, as the case may be, by the amount 
of stress which the part shown in dotted lines miist carry 
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in performing its duty as a part of the subordinate bracing. 
It is evident, however, that this result does not give the 
absolute maximum stress that may occur in U^Mt (Fig. i8) 
or MiLs (Fig. 19). The stress in these members is com- 
posed of two parts — that part due to the true stress in the 
web member itself, and that part due simply to the weight 
carried by the tie-rod. A criterion indicating the position 
of the loading giving a simultaneous maximum condition 
of these two factors is not a simple one. As but a small 
error is involved in assiuning that the position of the load 
causing maximum stress in one portion of the web member 
will also cause the maximum stress in another part, the 
same position of the ^loading is generally assumed for both 
portions of the web member. 

These investigations indicate that the maximtun web 
stresses in trusses with subdivided panels may be obtained 
by means of methods previously deduced.* 



Art 30. — Maximum Chord Stresses in Trusses with Subdivided 
Panels. 

Unloaded Chord. 

\^ The stress in any unloaded chord member such as XJzUt 
(Fig. 20) is foimd by passing a section through U%1]^, t/sM 4, 
and hiL\, and with the centre of moments at Ls, equating 
the moment of the external forces situated on one side 
of the section with the moment due to the chord stress. 
Although the centre of moments is at Ls, the only external 
panel forces on one side of the section are L\ to Lbi the 
load at panel point L4 not being included. 

* The two cases of Figs. i8 and 19 ue recognized in order to complete the 
treatment, although it is doubtful whether an entire panel load can act as shown 
by the dotted lines of thoee figures. 
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This invalidates therefore the use of the simple criterion, 
£P I 
IP' ^l" 
deducedinArt.6. Bymethods parallel tothoseof that article, 
however, the proper criterion may be quickly deduced. 

The influence line for the stress in E/at/* is easily drawn, 
for as a load passes from the left end of the truss to panel 



point Ls, the stress varies directly as the right-hand truss 
reaction, i.e., as a straight line. A proper slope for this 
line may be indicated (as in the c^ of moments, Art. 5) by 
laying ofE Kh equal to /" on thoiSt end of the reference line 
and connecting L with A, the »^t end of the reference line. 
In a similar manner, the line E.F indicates that between 
Lj and L* the stress also varies as a straight line, and its 
slope is found by laying off AK equal to /' at the left end 
of the reference line. 
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Since all influence lines £or single loads are straight 
lines between panel points, the influence line may then 
be closed by the line JF. 

The notation which will be employed to develop the 
criterion is indicated in the figure. P, P", and P* represent 
in general any load between Lq and Z.3, L3 and L4, and 
L4 and L]2 respectively, while m, m, and m' represent the 
corresponding influence ordinates. 

In general, then, the stress in f/af* may be represented 
by the following expression : 

S-2(P-»M) + i-(P"-n) + J(P'.m'). . . (i) 

The ordinate n may be divided by the line BF; then 

2{P"-n) = I{P"-n')-^I{P"-n"). . . (2) 

By substituting this value of 2{P" -n) in eq. (i) and 
by replacing the values of the influence ordinates by equiva- 
lent values found from similar triangles, the value .of S 
becomes 

By moving the loads an infinitesimal amount to the 
left the change in the stress or AS becomes 
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The condition for maximum stress requires that 4S 

be placed equal to zero. By simplifying terms and by- 
noting that 



-i-i 

there will be found that 



(-9-(-0-(-0. 



2\{.P+P' + F") 4] - ^(P) + -f (P"|)- 



(5) 



Eq. (s) is similar in form to eq. (5) of Art. 1 1, the latter 
being the criterion for finding the maximum bending 
moment at any point in any truss. It differs, however, 
in this essential, that in the present case the factor to be 
applied to the loads within the panel is p/q and not q/p. 

The position of the loading having been determined by 
means of this critericm, the stress in UiUt is found by 
taking moments about Lg. The maximum stress in UtJJi 
occurs with the same position of loadit^ as UaUt, and 
its value is also the same. 

Loaded Chord. 
The stress in any loaded chord member such as LaL* 
is found by passing a section through UaUt, UaMt, and 
L3L4, and taking the centre of moments at U3. This 
permits the use of the simple moment criterion, 

IP I 
21" "1 
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of Art. 6, and no unusual conditions are encountered in 
finding the stress in L^L^. The maximum stress in L4Z.B 
is foimd with the same position of loading as LgL*, and 
the value of its stress is exactly the same. 

Art. 21. — Counter-Stresses in a Vertical Post at an Angle 
in a Chord. 

Although the usual stress in the vertical post of a truss 
with inclined upper chords is compressive, it is possible 
for such a member to receive a counter tensile stress. 
This coiuiter stress is ' not caused by the negative shear 
in a panel, but it occurs when the inclined web member, 
cutting the upper end of the vertical at the unloaded 
chord, sustains a small or even zero stress. In that case 
the equations of equilibrium, as applied to the imknown 
forces at the panel point in question, involve only the 
stresses in the two chord members and in the vertical post. 
Since- the axes of the two chord members meeting at that 
point are not in a straight line, a component in the direc- 
tion of the post must result. In a through truss with 
horizontal lower chord this component furnishes tensile 
stress. It becomes necessary, therefore, in order to deter- 
mine this maximiun tension in these ^osts to find that 
position of the loading which causes a zero stress in the 
inclined member ; that is, the live load must cause a stress 
in this inclined member equal and opposite to that of the 
dead load. This position is easily determined by the use 
of the influence line. 

Assuming for the present that the position of the loading 
causing the maximum tension in the post is known, it 
becomes necessary to deduce an expression for the tensile 
stress in that member. Let Fig. 21 represent a truss in 
which it is desired to find the tension in the member U2L2 
when the stress in UgLg is zero. It will be convenient 
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first to determine the stress in (/sLg for a load P placed 
at panel point La. The followii^ notation will be used: 

^- panel length; 

/(-the height at the panel tmder consideration — in this 

case the length f/gi-a; 
di =-the difference in the height of UiLi and C/2L3; - \ '- 
di = the difference in the height of t/^Lg and UJ^z ; z. 6 
d'-di-di-. ', ^ 
i=the length of truss; 
li =the length of the member U1U3; 
I2 = the length of the member U^ Us i 
F"=the load at the panel point La; 
«=the number of panels (of equal length) between the 

left end of the truss and the member C/aLj ; 
ci =the lever-arm of U1U3 about La; 
ca=the lever-arm of U2U3 about La; 
a and a' -the angles of inclination of UiUa and t/sf/s with 

a horizontal respectively; 
R =the reaction at left end of span, 
■nien for the load P at La, 

(l-np)P 
R^ J—- 

The stress in f/jLg may be determined by finding, first, 
the stresses in U1U3 and U2U3 and taking the difference 
of their vertical components as the stress in U2L2. By 
taking moments about La and omitting the stress in f/aL» 
{which is assimied zero), the stresses in UiUa and UaUx 
will be 
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TTieir vertical components are then respectively 

Rnp . ^ Rnp . , 
■ sin a and sin a'. 

The tensile stress in 11^% is the difEerence of these 
vertical components: 



, , , „ /sin a sin a' \ 
UJ.,-R.np[——^). 



sm a=7~ 



_* ... .:..., i". 



t7^,=«.„,(^-A_) („ 



h , C2 h 

=j- and — =T-. 



Therefore eq. (a) takes the form 

p. i'^^ ,. 5 

R-npd R-nd 
~ k-p ^ h ■ 



(3) 



Eq. (3) furnishes the expression by whose aid the in- 
fluence line for the tensile stress in the number U2L2 
may be drawn. As the stress in C/aLa varies directly as 
R the variation in stress for loads at other panel points 
may be represented by the ordinates between the base 
line MN and the straight lines drawn from the end of the 
ordinate KL below £3 to JW and A^, as in Fig. 22. It 
fihotild be noted that this influence line, although for. a 



sdbvGoo^^lc 



114 INFLUENCE LINES. [Ch. H- 

web member, shows no reversal of stress throughout its 
lei^h; it is to be used only when the stress in t/ai-a is 
zero. The scale of Fig. 22 is found by the aid of eq, {3), 
which furnishes the value of the ordinate KL, the stress in. 
t/^La, when the load P is placed at La. 

In order to determine the position of the load which 
causes the maximum tension it is necessary to use the 
influence line for stress in the member U^Li. This line 
is represented by M'K'K"N' in Pig. 22, the method of 
deriving it being that of Art. 16. The loading must advance 
from the left toward the right tmtil it is found by trial that 
the live-load stress in t/jl-a is just equal to the dead-load 
stress found previously. The stress in t/jLa for this position 
of the loading may then be determined from the influence 
line drawn for that member. It is usual in the treatment 
of this coimter-stress to substitute a uniform live load for 
the actual locomotive concentrations. The results thus 
obtained are not rigorously exact, but to use locomotive- 
wheel loads would involve needless refinement. 

One other point, however, remains to be considered, 
namely, that it may be possible to obtain a zero stress 
in the member UtLz with a position of the loading that 
would cause greater tension in the member Uz^2 than for 
the position just determined. This position of the loading 
* is that caused by trains entering simultaneously upon the 
bridge from the two ends, but with a greater load on the 
left end than on the right end. In that case the stresses 
in t/aLa caused by the two different loadings tend to neu- 
tralize each other, but the left-hand loading must be so 
much greater as to balance the dead-load stress. Such a 
position causes greater tension in the member t/ai-a, since 
according to the influence line for l/aLa every additional 
load coi the truss increeises its stress. 
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Example. 

As an example, the maximum tension in the member 
U3L3 of the truss detailed in Chapter VI and shown in 
^ig. 23 will be determined, the locomotive concentrations 
being replaced by a uniform live load of 2500 pounds per 
linear foot of truss. 

For that case the dead-load stress in UaMt has been 
foimd to be +90,000 pounds; therefore the live load must 




advance on the truss from the left end, until the stress 
caused by it in U^M^ is just equal to —90,000 pounds: 
The influence line for C/3M4 is therefore drawn in the 
usual manner (Fig. 24), as follows: The chord member 
U^Ut is continued until it intersects verticals through 
the abutments at a and b. Lines are then drawn from 
these points through the ends of the panel Lz and L^ to 
intersect at c. This point is projected to the base line AB 
to C, where it indicates the position of a load on the truss 
causing no stress in UsMt (Art. 16). Placing a load of 
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tinity at Lz, it may then be found that the stress in UzM^ 
is —0.56; the influence ordinate FD is therefore drawn 
with that value. The completed line for U^Mt is then 
ADCEB. 

It will now be found by trial that the area ADC, 
which represents compressive stress, has the followii^ 
value, if the length AC is entirely covered by the uniform 
load of 2500 pounds per linear foot: 

/AFXFD FCXFD\ /ACxFD\ 

»Soo(— ^— + -^— ) ==»5oo(-^— ) 

■=2Soo( 1 = —81,200 pounds. 

It is seen that this stress does not quite equal the tension 
due to the dead load, but since its value is so nearly the 
same, and since uniform instead of concentrated loading 
has been used, it will be proper to assume that this position 
of the loading furnishes zero stress in UsMt. 

The influence line for UsLs is then drawn. Placing a 
imit load at L3, eq. (3) will furnish the following value, 
rememberingthatrf — 4.5feet, » — 3, A'-S4feet, and^=o.75: 

£7.L.-:2i><^-+..8,s. 
54 

The influence line for UaLa is then AGB, the ordinate 
FG having a value of .1875. The tension in UaLa, for 
the loadit^ just found, is therefore 

UaLa = 2$oo (area AGF+area FGCH). 
Since 

6^F-. 1875 FC = 28.5 feet 

AF-87.5feet CH = .\f>$ 

.'. t/8i-8= + 26,750 pounds. 



sdbvGoo^^lc 



ART. M.] CENTRE OF MOMENTS fVITHlN LIMITS OF TRUSS. "7 



Art 33.— InfloenM I4ne for Stress in the Web Member of a 
Truss irtieii the Centre of Moments Falls within the Limits 

of the Truss. 

The influence lines for stresses in web members deduced 
in the previous articles are applicable only to those trusses 
in which the centre of moments falls outside of the limits 
of the tniss. In the case of the web member C/1L3, shown 
in Fig. 25, the influence line may be determined in the 




Flo. as- 



following maimer. The stress in this member, U1L2, is 
found, by passing a section through the members U1U2, 
UjLi, and L1L2 and dividing the sum of the moments of 
all the external forces (not shown) on one side of this 
section about c, the centre of moments by the lever-arm 
d of U1L2 about c. 
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Assuming a load of unity to pass between the left 
end of the truss Uq and the left end of the panel Ui cut 
by the section, the stress in the member may be ex- 
pressed as 

xlj 

in which x represents the distance from the left abut- 
ment. Since the only variable in this expression is x 
the variation of "the stress may be represented by a straight 
line, X being of the first degree, The stress is tensile. 
Similarly, for a load of unity between the right end abut- 
ment lift and Ut, the right end of the panel cut by the 
section, the variation in the stress may be represented 
by the straight line 

x-U 

l-d' 

assuming x now to be the distance from the right abut- 
ment. The stress is again tensile. 

These two expressions are proportional to I2 and h 
respectively. Erecting MB at the left end of the reference 
Une MN equal to h and NA at the right end equal to /g 
and connecting B and A to A^ and M respectively, the 
lines ME and DN will form part of the desired influence 
line. Since it has been shown (Art. 10) that influence 
lines between panel points are straight lines, it then only 
becomes necessary to connect the points E and Z) by a 
straight hne to complete the diagram. 

It is therefore seen that in the case of a web member 
of the kind shown in the figure, counter-stress never occurs. 
The member sustains its maximum stress with the entire 
truss covered with load. A similar construction might 
be developed for the vertical members. It is possible to 
deduce a criterion for maximum stress in the member 
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U1L3 by means of the influence line shown in the diagram, 
but since this form of trass is rarely built suCh a criterion 
need not be developed. The treatment of an equivalent 
(iniform load is, moreover, so simple that it should be used 
to replace the locomotive concentrations. For that char- 
acter of loadii^ it is only necessary to multiply the area 
of the figure MEDCN by the proper intensity of the 
uniform load to obtain the maximum stress. 



Art. 23. — Influence lines for Skew Bridges. 

Skew bridges are trussed structures in which the ends 
of the pair of trusses forming the bridge do not he in a 
line perpendicular to its axis. The skew of a bridge is 
the distance between the projections of the ends of the 
trasses measured on the axis of the bridge. This distance 
is not necessarily the same at the two ends. In Fig. 28, 
which represents the plan of the lower chord system of a 
skew bridge, the skew at the left end of the bridge is a 
full panel length, or L^'Li', while at the right end of the 
bridge it is eL? -> cd. This example illustrates a skew bridge 
in the most general form. 

It is customary to place the floor-Jieams, supporting the 
floor system, at right angles to the trusses, as shown in the 
figure, and for convenience in the manufacture of the 
details of the portal bracing it is preferable to design the 
end posts of opposite trusses with the same inclination. 
This end is attained by moving the upper end of the end 
post of the further truss, that is, t/g' in Fig. 27, half the 
skew distance back of the vertical projection of Z-e', while 
Ui, Fig. 29, is moved half the skew distance in advance of 
the vertical projection of Lb. The members V^L-j', 
Fig. 27, and V^t, Fig. 29, will then be parallel. The 
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Upper chord members UiU^' and U^U^ will not be equal 
in length, nor will Vt'Lt' and Ual^ be either parallel or 




^rertical ; but ttiis is preferable to having the end posts non- 
parallel. 
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At the left eaid of the bridge, such construction in the 
example considered is not necessary, for the skew distance 
is a full panel length. 

Should the skew distances at the two ends of the bridge 
be equal, the two trusses would be exactly alike except 
that they would be turned end for end. 

The moving load is taken to pass along the centre line 
ad of the bridge, and this necessitates changes in the in- 
fluence lines for stresses in the various members. Treating 
first the member t/21/3 of the truss of Fig. 29, it is seen 
that its stress will vary as the moment at i*. If the 
truss L\ . . . L-! carried loads on the span' L\ . . . Lj, the 
moment influence line at La would be MQ^, Fig- 30- 
By referring to Fig. 28, however, it will be seen that loads 
between Li and Lg only are carried on that span length. 
Loads are carried on the line cd only in the panel LtsLj, 
and a load at d causes no stress in the truss LiLy. Since 
the influence line is straight between all panel points, the 
line SK, Fig. 30, will exhibit the variation of the moment 
at L3 for loads between c and d. The final influence line 
is therefore MQSKN. For xmif orm loading it is only nee- ■ 
essary to measure the area shown shaded, and to multiply 
by the proper intensity of the loading to obtain the value 
of the moment. For concentrated loads the criterion 
previously deduced would require modification for the 
portion SK of the line, although . ordinarily no serious 
inaccuracy results from the use of the general formula, 
The values of the moments for different positions of such 
concentrations may also be foimd by trial and comparison. 

The treatment of chord member Z-aL? or Us,Uz is shown 
in Fig. 31. If the truss had the span length L\L^, the 
influence line would be MSN, the centre of moments being 
at C/e; but owing to the skew, the final line becomes MQK, 

It should be noted that in this truss the stress in LeL^ 
is not equal to the stress in L^Lj if there be a load at Lt, for 
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the member U^Lt adds a horizontal component at panel 
point Le- 

The web members are also treated in precisely the same 
way. Fig. 32 illustrates the treatment of UaL^, for which 
the final influence area is shown shaded. 

The treatment of the further truss, Fig. 27, does not 
differ from the preceding. The influence line for the 
member Lq'Li' is shown in Fig. 26. If the truss had the 
span length Lc'L-i', the influence line would be MQX, 
M and X being vertically above the ends La and L-j' of 
the truss, and Q being above the centre of moments. The 
loads advance along the centre line ad, however, and those 
at a and d cause zero stress in the truss. The true in- 
fl.uence line for La'W is therefore TQSN, Fig. 26, and 
the influence area for uniform loading is shown shaded. 

The preceding treatment is entirely general, and may 
be applied to any skew bridge. 



Art 24. — Influencfl Lines for Double-intersection Trusses. 

The influence line possesses distinct advantage in the 
treatment of double-intersection trusses whether with parallel 
or broken chords, although in the example treated, Fig. 33, 
a truss with parallel chords only will be considered. The 
usual analytical method of treatment is to assume that 
the structure is composed of two systems of trussing, 
Figs. 34 and 35, acting independently. The maximum 
stresses that can occur in each system are found by trial, 
and if the same member acts in both systems, the sum of 
the stresses found is taken, provided both have been found 
for the same position of loading. Conditions of loading 
which fail to cause simultaneous stresses in the two sys- 
tems must not be considered in such summations of 



In the treatment of chord members the entire structure 
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is covered by load, and its position must not be chained 
when considering the same member for the two systems. 

In the graphical treatment it is only necessary to con- 
sider that a load at a panel point is carried entbely by 
the system of which that panel point is a part. If the 
load is within a panel, it is distributed in some manner 
between the two systems. 

The truss shown in Fig. 33 contains an even number 
of panels and avoids a possible ambiguity which might 
be caused in two systems of trussing not symmetrical about 
a vertical centre line, i.e., equal loads placed at equal dis- 
tances from the centre of span would rest on two different 
systems. The treatment by influence lines avoids this 
ambiguity. 

Chord Members. 

Let it be required to find the influence line for stress in 
themember t/it/fcFig. 33. This member forms part of [/«[/« 
of Fig. 34 and part of UiUs of Fig. 35. "nie influence 
line for UtUe is MRN of Fig. 36, the point R being the 
projection of the centre of moments Lg. Similarly, MSN is 
the influence line for U^Us, the centre of moments being 
at Le. It has been assumed that a load at a panel point 
acts only in the system to which that panel point belongs. 
A load at L*, then, causes a stress which may be repre- 
sented by the ordinate below it enclosed by the line MRN ; 
and this applies to all the lower panel points of Fig. 34. 
A load at Li is, however, taken as divided equally between 
the two systems of trussing. Similarly, loads at the lower 
panel points of Fig. 35 causes tresses represented by ordi- 
nates enclosed within the line MSN. But all influence 
lines between panel points are straight lines. Hence the final 
influence line for UtUi is represented by MabcdSRghijkN , 
and for uniform loading the stress would be obtained by 
multiplying the area shown shaded by the proper intensity 
of loading. For reasons already explained, the points a 
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and k lie midway between the two original influence lines 
drawn. It is evident that for chord stresses no serious 
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error is involved, if the area of either of the first two in- 
fluence lines be measured. The choice must, however, 
be left to the designer's judgment. 
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Web Members. 

The treatment of web members follows precisely that 
of chord members. In Fig. 37 the line M'QR'N' represents 
the influence line for the member UJ^, treating it only 
as a member of the system of trussing shown in Fig, 34. 
The points Q and R' are projections of the panel points 
L4 and Z-e. Since a load at a panel point of the other 
system of trussing causes no stress in t-^La, the projections 
of those panel points on the base line M'N' all represent 
zero stresses; that is, the base line M'N' is the influence 
line for stress in f/^Z^, when the loads are placed at the 
panel points of Fig. 35. The final influence line is therefore 
M'a'b'<^Q^R'^h'i'j'k'N'. The points k' and a' lie, as 
before, midway between the two influence lines. 
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CHAPTER III. 

THE THREE-HINGED ARCH. 

Art. I. — To PaBS a Funicular Polygon Through Tliree Points. 

Let it be required to pass a funicular polygon through 
the three points A, B, and C, Fig. i, for the loads Pi, 
P 2 ■ ■ ■ P? shown. The loads Pi . . . Pz, situated between 
the points A and B, will be considered separately from 
the loads P^ . . . Pj situated between B and C. Any other 
division of the loads might be made, but it will usually 
be most convenient to have the centre point B divide 
the loads. 

In Fig. 2 the force polygon PiPtPa is drawn, and the 
closing line furnishes the value of a resultant which will 
balance the loads. Choosing any point, such as (T, as a 
pole, the rays i, 2, 3, and 4 are drawn and transferred 
to Fig. I to form the funicular polygon i, 2, 3, and 4, 
Through the points A and B of that figure lines R and Ri 
parallel to the resultant of Pi, P2, Pa are first drawn. The 
intersections of the bars i and 4 with those lines then 
determine the bar 5. The direction of this bar is then 
transferred to Fig. 2 and drawn throi^h the pole (7, thus 
determining the values of the reactions R and Pi acting 
at the points A and B, respectively, for the loads between 
A and B. 

Similarly, choosing as a pole O", the reactions Pj and 
P3 for the loads between B and C are found for the points 
B and C. Tte conditions of the problem require the 
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funicular polygon i, 2 . . . s to pass through the points ■ 
A and B; that is, the bar 5 should be the line 5' connecting 
A and B. Transferring therefore the direction of 5' to 
Fig. 2 and drawing it through the point m, it will be evident 



VX-k-^i!^W/ 




that any point on this line will furnish a funicular polygon 
for the loads Pi . . . P3 which will pass through A and B. 
In precisely the same way, then, the line 11' may be drawn 
in Fig, 2 for the forces Ft . . . Pr, 1 1' being parallel to the 
line connecting the points B and C. Any point on this line 
will furnish a pole for a funicular polygon passing through 
the points B and C and constructed for the forces situated 
between them. Consequently, the intersection of the 
lines s' and 11' will furnish the only pole which will pro- 
vide a funicular polygon passing throu^ the three points 
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A, B, and C for all the forces shown. This polygon is 
not shown in the figure, but after the pole O is foimd its 
construction is obvious. 

The rays 12 and 13, being the extreme rays for the true 
polygon, represent bars in a framework holding in equilib- 
rium the given forces Pi . . . P7. They pass through the 
points A and C respectively, and, as will presently be seen, 
are the reactions for a three-hinged arch having hinges 
at A, B, and C and holding in equilibrium the forces given. 

Art 3. — Detenniiutioii of the Reactions of a Three-hinged 
Arcb. 

An arch provided with three hinges is a structure 
which is statically determinate and in the treatment of 
the stresses in its members involves only principles already 
established. 

Fig. 3 illustrates a three-hinged spandrel-braced arch 
provided with hinges at each abutment and at the crown, 
panel point 13. It is desired to find the stresses in the 
structure for a fixed position of the loading. 

The dead loading, carried at the upper chord panel 
points, and assumed to have a value of 28,300 pounds 
per panel per truss, will be treated. The end-panel loads 
are each taken at 14,150 pounds only. The supporting 
reactions at the abutments for this type of truss are no 
longer vertical. Their points of application are given, 
but their directions are unknown. Since they hold in 
equilibrium the loading on the truss, the problem becomes 
that of determining the amounts and directions of two 
forces whose points of application, i and 14, are given, 
and which hold in equilibrium a known set of forces. The 
problem would evidently be statically indeterminate ex- 
cept for the condition imposed by the centre hinge, which 
is that the sum of the moments of the external forces on 
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either side of the centre hinge must equal zero about that 
point. The solution of the problem, then, consists in 
passing a funicular polygon through the three hinges 
(see Art. i), the pole distance of that polygon representing 
the horizontal component of each reaction. This folloiira, 




since a funicular polygon represents bars in a structure 
which carry direct stress only for the given system of loads, 
and if a bar of this funicular polygon passes through any 
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given point, such as a hinge, there will be no bending mo- 
ment at that point. Therefore a funicular polygon through 
the three hinges will fiamish the values of the stresses in 
the supporting or end bars, which are the reactions. 

In F^. 4, therefore, O' is chosen arbitrarily as any pole 
for the loads on the left half of the structure. The polygon 
2, 3, 4 ... 9 in Fig. 3 is then drawn, and the last ray, viz., 
9, transferred to the force diagram. Fig. 4. This deter- 
mines the point X in the line of the loads, from which point 
the line xO is drawn parallel to the line connecting the 
, two hinges 13 and 14. Any point on this line xO will 
furnish a pole from which a funicular polygon passing 
through the points 13 and 14 may be obtained. 

Since the loading is symmetrical about the centre it 
will not be necessary to complete the graphical operations 
for the right half of the structiu^, but the line x'O may 
at once be drawn parallel to the line connecting the hinges 
I and 13, w being situated midway between x and xf. 
The intersection of xO and x'O determines at once the true 
pole of a funicular polygon which will pass through the 
three points 1, 13, and 14 of the arch. The pole distance 
is, then, Ow, and it represents a horizontal component in 
the reactions of 312,000 pounds. The reactions themselves 
are then compounded from this horizontal force and the 
vertical reactions aw and u'lv; they are graphically repre- 
sented by Oa and Oa', and are each equal to 398,000 pounds. 

The horizontal component H may perhaps be more 
quickly determined by analytical methods, for by taking 
moments about the centre hinge 13 the following equaticm 
will result: 

i/X40 =242,950X100 — 14,150X100 

-4i,6oo[i6J(5+4 + 3 + 2 + l)]i 
.". //= 3 1 2,000 pounds. 
This value checks that found graphically. 
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After the reactions have been determined, the problem 
presents no further difficulties so far as the determination 
of the stresses in the members is concerned. The stresses 
in the members meeting at panel point i are first to be 
found, then those meeting at panel point 2 are next to 
be treated, and the. other panel points in the numerical 
order shown in the dia^am. 

The treatment of the stresses has thus far involved a 
fixed position of the loading, but the positions of the load- 
ing causing the greatest stresses in the various members 
may easily be determined by the aid of the influence lines. 
In the case of three-hinged roof -trusses the graphical 
methods thus far outlined are sufficient to find all the 
desired stresses, for in such cases the loading, in whatever 
manner it may be apphed, is always fixed in position. 



Art. 3.— Homents in Three-hinged Arches. 

The graphic determination of the reactions of a three- 
hinged arch, as found in the previous article, is not as 
simple as the analytic determination, and hence the treat- 
ment of a three-hinged arch by the combination of algebraic 
and graphic methods is more convenient than by the 
graphic process alone. 

The application of influence fines to these structures 
is of distinct value, since by their aid the positions of 
loading causing maximum stresses in the various members 
may be at once determined. For this class of structure, 
the vise of wheel-load concentrations constitutes, however, 
unnecessary refinement and such loading will not be cnn- 
sidered in detail. It is sufGdent to state again that if the 
influence lines for stresses have been drawn for a unit load 
P, the maximum stress catised by any series of concentra- 
tions may be easily determined by trial. The general 
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value of the stress for a series of loads would then be 
represented by IP-n, where P represents the value of the 
load at any point and n the corresponding ordinate. 

Before considering influence lines for three-hinged arches 
it will be necessary to obtain a general expression for the 




bending moment at any section of a three-hinged arch 
for any system of loading. Let Fig. 5 represent an arch 
hinged at the points A, B, and C, and let the bending 
moment at the point X be required. 

The reactions R and R\ may be found by means of the 
funicular polygon, their values corresponding respectively 
to the rays i and 7 in the force dia^am. The horizontal 
and vertical components of these reactions are represented 
by H, V, and Vi respectively. Taking moments of all 
the left-hand external forces about X, the general expression 
for M becomes 

M-lV-x-k-H-y (i) 

where V represents the vertical components both of the 
reaction and of the given loads, x their respective lever- 
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arms, H the horizontal component of the reaction, and y 
its lever-arm. But it is evident that the first term in the 
right-hand member represents the bending moment due 
to vertical loading at the section ^ f or a simple non-con- 
tinuous beam of span AC, and its graphical representation 
is the product of the intercept YZ by the pole distance 
H or y-H. The second term in the left-hand member 
of eq. (i) is the product of the same pole distance by a 
different intercept, viz., XZ =y. The bending moment at 
any section of the arch is, therefore, graphically repre- 
sented by Hiy—y), or the product of the pole distance, 
H, by the vertical intercept between the point taken 
on the arch and the true funicular polygon. It is then 
seen that the line of the arch for the figure shown is sub- 
jected at its various points to positive moments for the 
right-hand section, BC, and negative moments for the 
left section, AB. At the centre hii^e B, the moment 
reduces to zero, as it should. 

It will be found that this graphical representation of 
the moments to which an arch may be subjected is of 
value in determining the stresses in arches differently 
conditioned, such as arches with fixed ends or arches 
with two hinges. 



Art. 4>— Influence Lines for Reactions in Three-hinged Arches. 

Let it be reqiured to determine the variation of the 
horizontal and vertical components of the reactions at A 
and C as any load P passes over the three-hii^ed arch 
shown in Fig. 7. 

The horizontal projection of the two parts of the arch 
are represented by li and Is, while the total span is I. The 
rise of the centre hinge above the horizontal line A and C 
isk. 
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Takii^ B as the origin of coordinates, and measuring x, 
which is the distance in either direction of any load P, 




from B, the horizontal component H of the reaction at 
A, for the load between A and B, is 



V,-h 



(i) 



Vj represents the vertical component of the reaction at C. 
But 



y."- 



i 



and therefore 



H 



P{h-x)h 



(3) 



This expression may be reiM*esented graphically by a 
straight line, for the vEiriable x appears in the first power 
only. 

Erecting, then, in Fig. 8, on the base line ST a vertical 
TX below the hinge C equal to h and connecting X with 
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5, it will be found that the portion of XS, viz., WS, 
included between vertical lines through A and B, will 
represent the influence line for H when the load lies be- 
tween A and B. For by similar triangles the ordinate 

' I ■ 
line WS is the influence line for a unit load. 

In the same manner the line WT may be drawn to 
complete the diagram, the ordinate SY being erected 
below A equal to /i and the line YT then being drawn. 

The final influence line for H is therefore SWT, and 
it obtains its maximum value for a load at the centre 
hinge, i.e.. 



The influence lines for the vertical components Vo and 
V^ differ in no way from those found for simple beams, 
in consequence of the statical conditions of the structure. 

In Fig. 9, therefore, the line T'U' represents the in- 
fluence line for Va, and a similar line sloping in the opposite 
direction would be used for V^. 

It has been shown in Figs. 8 and 9 that each of the 
rectangular components of- each reaction varies as the ordi- 
nates of a straight line; consequently their resultant, or th& 
reaction itseU, must vary in precisely the same manner. 
Hence, as the load P passes over the bridge, the variation 
in the value of the reaction R may also be represented 
by a straight line. The slope of such a line is a question 
of no importance; it suffices to know the law of vari- 
ation. 
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Art s.— Influence Line for Stress In any Chord Member of 
a Three-hinged Arch. 

Let Pig. lo represent a three-hinged spandrel-braced 
arch with a horizontal upper chord and with vertical and 
inclined web members. The treatment of the problem, 
althoi^h applied to this particular truss, will be given 
in the most general manner so as to apply to any other 
form of three-hinged arch. 
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Let it be desired to find the influence line for stress in" 
the chord member V2U3. Passing a section through the 
members U2U3, U2L3, and L2L3, and taking the centre of 
moments at 1,3, the stress in U^Uz will evidently vary at 
precisely the same rate as the moment of the external 
forces taken about the point Lg. The influence line for 
stress in U2U3 may, therefore, be represented by the moment 
influence line for the point L3. It has already been shown 
(Art. 3) that the moment at any point in a three-hinged 
arch is represented by the product of the pole distance 
by the vertical intercept between the centre of moments 
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on the arch and the true funicular polygon. For the truss 
shown, such a variable moment M for a single, unit load 
passing along the structiu-e is represented by 

M=M,-H-y. (i) 

where M^ is the variable moment for the load passing over 
a simple beam with a span length LoLq, and where the 
product H -y is the moment due to the horizontal compo- 
nent of the reaction, y evidently being constant. On the 
base line 57" (Fig. ii) the influence line for M^ may then 
be drawn in the usual manner, by erecting at S an ordinate 
SS', equal to the distance i' between the centre of moments 
L3 and the left-hand abutment Lo and connecting S' with 
T. Performing a similar operation for the right point of 
support, the influence line M„ is represented hy SGT- 
From this line there is to be subtracted at every point 
the moment H-y, which may be found in the following 
manner: 

If the line of action of the reaction at Lq passes throi^h 
L3, the centre of moments, and if the load causing this 
reaction should be placed to the right of the section passing 
through the members cut, the resultant moment about L3 
will be equal to zero; for the only force to the left of the 
section will be the reaction and its lever-arm about the 
centre of moments is zero. Such a position of the load 
causing no stress is found at the point Y,- which is the 
intersection of lines drawn through Lg and L3, and L^ 
and L5; for the polygon LqYLo is the funicular poljjten 
for this one position of the load, since it passes through the 
three hinges. This position of the load, causing no stress , 
in some particular member, will in future always be repre- 
sented by Y. Projecting this point vertically downward 
tmtil it intersects GT at / will fix that point on the final 
influence line, at which the stress is zero. 
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It has been shown in the previous article that the hori- 
zontal component of the reaction H varies as the ordinates 
of a triangle, the apex of the triangle being directly below 
the centre hinge. Ineq. (i), under consideration, the prod- 
uct of H and y is required, but since y is constant the 
product will vary in the same manner as H; that is, as 
straight lines between the end and centre hinges- Three 
points of the variable Hy are known, viz., S, T, and /. 
The Imes SJK and KT may then at once be drawn to 
represent the variation of H-y, and any ordinate in the 
areas SGJ and JKT will represent the moment for the 
member U^Uz for the load placed over such ordinate; 
for, according to eq. (i), that ordinate expresses the re- 
lation M^ — H-y. The shaded portion to the right of the 
point Y will represent negative moments, and the other 
shaded porticai positive moments. For maximum stress of 
one Idnd the structure must then be covered with' load 
from the point Lq to Y, and for maximum stress of the 
opposite kind from Lq to Y. The magnitude of the stress 
may at once be determined if the scale of the influence hne- 
is known; and this scale may be found if the stress in 
the member U2U3 be known for the load at any position, 
such as at t/s. 

If, therefore, an ordinary force diagram be drawn for 
the entire structure for a single load P at any point, such 
as U3, the stress in every member of the structure will 
be determined for this position of the load, and consequently 
also the scale of every influence line. In the present 
instance, for the member t/af/s, the force diagram would 
furnish the true value of GG', and consequently the scale 
for any other ordinate in the area SGJ or JKT. It is 
then only necessary to multiply the area of the triangles 
SGJ and JKT by the proper intensity of loading to obtain 
the final maximum stresses for (/jf/j. This method of 
determining the scale of any influence line by meansof a 
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force diagram drawn for a single load placed at any one 
fixed position will be applied to the case of web members, 
and it will not be necessary to repeat this explanation for 
those members. 

The treatment of the stress in a.chord member, such as 
Ut Ui, Fig. 12, for which the centre of moments, Ls, is not 
vertically below a panel point, follows precisely the same 
methods; but since the influence line between the panel 




points Cb and (/a is a stra^ht line, it becomes necessary 
to remove the angle BCD of the influence line ACE, pre- 
cisely as in the case of the simple truss of Art, r i , Chap. II, 
The influence line ACE is, therefore, drawn considering a 
point vertically above Lb as the centre of moments; the 
intersections of verticals drawn from the ends C/s and f/e 
of the pEinel to AC and CE determine the points B and D. 
Between B and D the influence line must be a straight 
line, and the final line is therefore ABDE. 
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Art. 6.— Infiuence Line for Stress in any W«b Member of a 
Three-hinged Arch. 

Let it be desired to find the influence line for stress in 
the memter U1L2, Fig. 13, as a single load P passes along 
the structure. It may easily be shown that as long as 
the load P is to the left of the panel cut by the section 
passed through the members C/iC/j, C/iLj, and L1L2, the 




variation in the stress may be represented by a straight line^ 
For the only external force to the right of the section is 
the right-hand reaction, which varies as a straight line for 
a single load, ^id as the moment of the reaction is taken 
about X, the intersection of U1U3 and L1L3, the variation 
in the stress of UiL^ for a load to the left of the section 
may also be represraited by a stra^ht hue. Similarly, 
for the load on the right half of the arch between U2 and 
C/o, the stress varies directly as the left-hand reaction, and 
may be represented by straight hnes intersecting in the 
vertical dropped from the hinge. This variation is similar 
to that of the left-hand reaction. 

As the load passes over the panel [/iC/j. through which 
the section has been taken, the variation of the stress may 
be represented by a straight line, accordii^ to the treat- 
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ment of Art. 10, Chap. II. Four straight lines are, there- 
fore, required in detennining the influence line for stress 
in web members. 

The stress in UiLi is zero for a load placed at the point 
Y, this point being determined in precisely the same 
manner as in the case for chord members, i.e., it is the 
intersection of a line connecting the points ig and Ls 
with the line connecting Lq with X, the centre of moments. 
This point Y is projected vertically downward on the base 
line ST to G, and furnishes one point of the influence line. 

It has been shown (Art. 16, Chap. II), in the case 
of the influence line for web members for simple non- 
continuous trusses, that the variation of the slopes of the 
positive and negative portions of those lines may be foimd 
by jirawing lines from any point projected vertically below 
the centre of moments X to the ends of the span. This 
rule applies also to that half, U0U5, of the structure 
shown, of which the web member in question is a part, as 
the following analysis will show. 

The origin of coordinates from which x, the position of 
the load P at any instant, is measured is at X, the centre 
of moments, and this point divides the span / into the 
two portions li=UoX and h—XUlt. TTie vertical dis- 
tance of X, the centre c£ moments, above the line connecting 
Lo with L(tisy and the corresponding distance of the centre 
hinge above this line is h. The vertical components of 
the left- and right-hand reactions at Lo and L^ are Vi and 
Vs, and their horizontal component is H. 

Then for a load of unity between Uo and Ui, the 
moment of the stress Si for C/1Z.3 becomes, by taking 
moments about X of the external forces to the right of 
the section, 

g being the lever-arm of t/iLj about X. 
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U-X Vdi 

But Vi—~ and H=-=-^. 

Therefore 5i-g- ^ ^» _ ^i ^^ " -^ (i) 

Similarly, for a load unity between t/2 and t/n. the 
moment of the stress 5a becomes 



but Vi= — I — and H^—r-. 

Therefore Ss-g -j j^ — - (2) 

Both equations (r) and (a) represent straight lines, since 
the variable x is of the first degree only. When x=o, 

that is, these two lines intersect in a point vertically below j 
the origin of coordinates X. 

In Fig. 14, therefore, A'is any point below X, and the 
two lines AS and AB are drawn to represent portions of 
the influence line, for a load at S causes no stress in U1L2, 
nor, as just explained, does a load at G. Again, the lines 
passing through S and G must intersect on the vertical 
below X. 

The remainder of the influence line may then be drawn 
from the conclusions reached in the beginning of this 
article. The line BA must be continued as a straight line 
to C vertically under the centre hinge, for the variation of 
stress in U1L2 is a straight line for, the portion of the sparf 
UiUi; SD is the influence line for a load between Uo 
and t/i ; DB that for a load between Ui and U2, and CT 
that for the portion of the span UtUfi. The shaded areas 
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above the base line ST indicate stress of one kind and 
show not only what portion of the span must be covered 
with uniform load, but also the magnitude of the stress 
caused by that loading, for its value may be found by 
multiplying the positive shaded area by the intensity of 
the loading. As before the scale of the influence line may 
be found by drawing "a stress diagram for the entire arch 
for one load at saiy point and comparing the value of the 
stress for this load with the ordinate below it on the in- 
fluence line. 

The shaded area below the base line indicates the 
portion of the structure to be covered by the load to cause 
negative stress, and its value may be calculated as just 
indicated. 

Figs. IS and i6 illustrate the influence line for stress 




in the web member UiLt of the same thre«-hinged arch, but 
"for this member the centre of moments X falls on the 
opposite side of the centre hinge, as does the point Y, the 
position of the load causing no stress. This influence line 
requires a slight additional explanation. As before, the 
■ influence lines for the portions UqUs and UtUs of the 
truss must intersect at A, and they must pass through 
S and G respectively, G being the projection of Y on ST. 
They are shown in F^. 15 as SD and BG, but ance the 
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influence line for the portion UtUa is a continuous straight 
line, the point C where BG cuts the vertical through the 
centre hinge must be connected to T. The final influence 
line is, therefore, SDBCT, and it is at once evident what 
portions of the structure must be covered by the load to 
cause the maximum stresses of opposite kinds. 

If the web members are alternately inclined, as in the 
form of webbing adopted in the Warren truss, the influence 
line suffers for that panel length of which the web member 
is a part, the modification explained in Art. 1 1 , Chap. II ; 
this change is also precisely the same applied to the chord 
members in Art, 5 of this chapter. 
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CHAPTER IV. 

CANTILEVERS. 
Art. I. — DeflnltionB. 

A BEAM continuous over n points of support (Pig. i) 
of which «— I points are rolling supports, permitting 
loi^tudinal motion, requires the determination of « reac- 
tions. For the case of vertical loads only and under the 
condition that the rolling points of support move without 
friction on horizontal surfaces, two equations of condition 
only can be applied, namely, IV = o and IM = o , since the 
third equation of condition, SH = o, disappears. There 
. are required, therefore, for finding all the reactions- n — 2 
other equations of condition, if the problem is to be stat- 
ically determinate. Such equations are afforded by the 
insertion of n— 2 hinges, in the structure between the 
extreme points of support. Every hinge corresponds to 
an equation expressing the condition that the sum of the 
moments of the external forces on one side of it and about 
that point must be equal to zero. It should be observed, 
however, that without disturbing equilibrium two hinges . 
only may be inserted between two adjacent points of 
support. A continuous beam may, therefore, be made 
statically determinate by the insertion of n— 2 hinges. 
Such structures are termed cantilevers. 

Fig. I illustrates a cantilever having four points of 
support and two hinges, at A and B. The span AB repre- 
sents then a beam simply supported at its ends. The 

us 
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spans CD and EF are termed anchor-arms and the por- 
tions DA and BE cantilever-arms. Other types of canti- 
levers may be constructed in which the hinges A and B 
occur in the spans CD and EF respectively. Such forms 
win not be analyzed separately, but the analysis deduced 
from Fig. i will be of such general character that it may 
be easily applied to any other form. 



Art. 3. — Betiding Moments in Cantilevera. 

The funicular polygon is applied to a cantilever for 
the purpose of determining the moments at the variotK 
sections.of the structure. Let the loads Pi, Pa, Pa ... Pi i 
{Fig. i) act on the various spans, as shown. Fig. 3 shows 
these loads laid down in regular order, with the poles 
O', O", 0"',* chosen arbitrarily, but all with the same 
pole distance. One pole might have been chosen, but it 
will prove more convenient to choose separate poles for 
the loads on the different span lengths CD, DE, and EF. 
The funicular polygon (Fig. 2) is then constructed in the 
usual manner with the rays i, a ... 14, but no closing 
lines can as yet be determined. The positions of tjie closing 
lines may be found immediately, however, since directly 
below the points A and B there are points of zero bending. 
The bar 16 is, therefore, drawn in Fig. 3 so as to show 
zero moments below A and B. At the points where bar 16 
intersects the lines of the reactions i?a and i?s, bars 15 
and 17 may then be drawn to the reactions R\ and R^ 
respectively, showing zero moments below points C and F. 
The shaded portions of the funicular polygon (Fig, 2) 
represent, then, in the usual mamier the bending moments 
at the various sections of the structure for the fixed position 
of the loading shown. 

The magnitudes of the reactions Ri, R3, Rs, and Rt 
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may also be found from Fig. 3, it being only necessary 
to insert the three closing rays 15, 16, and 17 through 



the poles O*. 0", and 0"' respectively. The brackets 
enclosing , portions of the load line furnish the desired 
quantities. 

Art 3. — ^Reaction Influenw Lines for Cantilevers. 

Fig. 4 illustrates a general type of cantilever structure 
in which the hinges are at A and B, and for which it is 
desired to represent the variations of the reactions 7?i, R2, 
Rs, and Rt for any load P passing over the structure. 
Let the influence line for R2 be first determined. If the 
load P be placed at R2 the reaction at that point must be 
equal to P and an ordinate may be erected (Fig. 5) below 
that point on the base line ST, equal to P. It is evident 
that for a load between Ri and i?j the reaction Ra varies 
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directly as the distance from Ri ; that is, it is equal to 
P-j and is graphically represented by the line SU. For 
any load between R2 and the hinge at A, the variation of 
i?2 will be indicated by a continuation of the line SU to 
the point V vertically below A, since Ri still remains 

equal to Py. 

A load P placed at the point B fails to affect the reaction 
J?3, being carried entirely to R^ and R^. Between B and 



A, Ri varies directly as the ordioates of a straight line, 
for precisely the same reason that all influence"" lines ' are 
straight lines between panel points ; since the points W and 
V of this line have been determined, this portion of the 
influence line is represented by VW. The ordinates be- 
tween ST and SUVW therefore represent the variations 
of Ri as any load passes over the structure. It is evident 
that no load between the points B and R^ influence the 
reaction R2. 



sdbvGoo^^lc 



Akt. 3] REACTION INFLUENCE LINES FOR CANTILEVERS. i49 

In an exactly similar manner the influence line for i?j 
may be represented by the line TXYZ, the slope of the 
line TXY being found by erecting at Rs an ordinate of 
height P. 

The influence line for the reaction at R\ is represented 
in Fig. 6. For a load at R\ the reaction is P and is repre- 
sented by the ordinate S'U' erected at that point. As 
the load P passes from Ri to Ri, Ri varies as the ordinates 
of a s.traight line, the value of Ri being zero when P is at 
R2. Thi^ rate of variation remains constant as far as the 
point A, it being noted, however, that after passing i?3 
the reaction Ri becomes negative. This is indicated by the 
diagram, where the ordinates between the base line ST' 
and the line V'W are drawn below the base line. The 
variation in the reaction R\ for loads on AB is represented 
graphically by the line W'X', and is found in precisely the 
same manner as for i?a and Rz. 

As a general conclusion, it is clear that for the greatest 
upward value of R\, the distance S'V must be covered 
with load, and for the greatest downward reaction or uplift 
the distance V'X' must be covered. Loads on other por- 
tions of the structure do not affect the reaction at Ri. 
The influence line for R^ is also represented in Pig. 6, 
but requires no detailed explanation. 

Inspection of Figs. 5 and 6 will show that the slopes of 
the pairs of lines SUV and U'V'W, and YXT and Y'Z', 
are respectively the' same. This must evidently be the 
case, for at any point in the spans represented by these 
lines the a^ebraic siim of the pairs of reactions, viz., of 
Ri and R2, and of Ri and R^, must always equal P. It is 
to be noted that the distance AB, or the stKpended span, 
is not included in tliese lengths. 
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Art. 4. — Shear Inflttence Lines for Cantilevers. 

The shear influence lines may at once be drawn by 
means of the reaction influence lines. Let the shear in 
the section MN situated between i?i and R2 (Fig. 7) be 
required, that figure representing a part of a cantilever 
structtire resting on the supports Ri, R2, R3 . . . The 
base line ST {Fig. 8) and the reaction influence line for Ri, 




UVWX, are first drawn. For any load between the hinge 
B and the section MN the shear for MA/ is always equal 
to the reaction Ri, but between MN and Ri the reaction 
must be diminished by the amount of the load P, as shown 
in the diagram. The resulting shear influence line for 
the section MN is then the line XWVYZS. It is clear 
then that for the greatest positive shear at MN the span 
RiRa must be covered by the load extending from Ri 
to the section, while the cantilever-arm R^A and the 
suspended span AB are also covered. There should be 
no load between the section MN and i?a. For the greatest 
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negative shear, however, the load should be placed only 
between MN and Rj. 

In a precisely similar way the shear influence line for 
the section M'N', at any point in the cantilever-arm R2A, 
may be drawn. The reaction influence line for R2 (Fig. 9) 
is drawn and that portion of it included between the section 
M'N' and the hinge B represents the shear influence line 
for the section M'N' . ' The shaded portion of the diagram 
represents the sum of all the positive shears. It is evident 
from this diagram that positive shear only can exist at 
M'N' and for the maximum value the suspended span . 
and also that portion of the cantilever span included between 
the section M'N' in question and the hinge A should be 
covered with the load. The load on other portions of 
the structure does not affect in any way the shear in the 
cantilever-arm . 

These two cases suffice to illustrate the variations of 
shear in any cantilever structure. If the latter have 
parallel and horizontal chords, the maximum web stresses 
may at once be obtained by multiplying the maximum 
shears by the secants of the inclinations of the web members 
from a vertical. ■ The treatment of influence areas is 
at once applicable to cantilevers, for the span lengths 
being usually large, a uniform loading may replace the 
locomotive concentrations without essential error. Loco- 
motive concentrations require the use of a criterion for the 
exact determinations of stresses. 

The division of the structure into panel lengths has 
not been treated in detail for shears, nor will it be for 
moments, for it is now well established that the effect of a 
panel on a general influence line is simply to remove all 
eingles from it below the panel. 
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Art. 5. — ^Homent Infltunc* lines for CantileTerB. 

Fig. 10 represents partially a cantilever structure in 
which it is desired to obtain the influence line for moments 
at the section MN in the anchor-arm R1R2. For loads 
between Ri and i?a it is evident that the moment influence 




line for MN is exactly the same as that for a simple non- 
continuous structure. It is only necessary to construct 
ordinates equal to x and ** on the base line ST (Fig. n) 
at the points 5 and V below the reactions R\ and R2 respec- 
- tively, and connect the ends of these lines to V and S. 
TTie influence line for that portion of the span is then the 
Hne SUV. 

The moment at the section MN ioc any load on the 
cantilever-arm R2A is represented by Rix. It is seen 
that this quantity varies at the same rate as R\, since 
a; is a constant in this expression ; R\X may therefore be 
represented by a continuation of the line UV to W. 
Since Ri is negative for this portion of the span, the 
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moments are also . negative, as represented by the influ- 
ence line. As the load at B catises no bending at MN 
the variation of the moment for a load passing along 
AB is represented by the line WX. The final influence 
line is therefore SUVWX, the portion SUV representing 
positive moments and the portion VWX negative moments. 
Positive moments may be regarded as moments causing 
compression in the upper chord members and tension in 
the lower chord. 

The influence line for moments at any section M'N' 
in the cantilever-arm is represented by Fig. 13. For a 
load between M'N' and A the moment varies directly 
as its distance from M'N', and it is only necessary to erect 
below A an ordinate X'V eqtml to d or the distance between 
M'N' and A, and to. draw the line V'V; this line then 
represents the variation in the moment at M'N', for the 
distance shown. For loads on the suspended span Ab the 
variation in the moment is then represented by V'W, and 
the completed influence line is U'V'W. 

It is thus shown that all moments in the cantilever-arm 
are negative or such as to cause stresses of tension in the 
upper chord menibers, and that for their maximum values 
the entire suspended span and that portion of the cantilever- 
arm between M'N' and A must be covered with load. 
Loads on other portions of the structure in no way affect 
the moment at M'N'. 

Stress influence lines for the chord members of canti- 
levers are not required, since the moment influence lines 
.also suffice to furnish the stresses in those members by 
dividing by the proper lever-arms. It is only necessary 
to measure the various shaded areas shown in the figures 
and to multiply them by the proper intensity of the uniform 
load and then to divide by the lever-arm. To determine 
the scales of the various figures, it is sufficient to place a 
tmit load at any convenient point and obtain the desired 
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moment for that position. This determines the value or 
the scale of the ordinate at that point, and therefore the 
scale of the entire figure. 



Art 6. — Stress Influence Lines for Members of Cantilevers. 

F^. 13 illustrates a portion of a cantilever structure 
in which the span UoU^ is the anchor-arm, U^Ut the 
cantilever-arm, and U9U10 the suspended span. Other 
portions of the structure to the right of (/le do not affect, 
the stresses in any of the members shown in Fig. 13. 

Fig. 14 illustrates the influence line for stress in the 
member UgLj of the cantilever-arm. Passing a section 
throi^h ' UeU7, UoLj, and LeLj, the centre of moments 
falls at o, projected vertically to the base line MN at C. 
As a load passes from t/7 to Ua the stress in C/ftLy varies 
directly as the distance of that wheel load from a or C, 
for the stress in [/oLt equals the moment about that point 
divided by the lever-arm afc, and it may be represented 
_ graphically by BD, a portion of the line BC. A load at 
either C/o or Uie causes no stress in U^Lr. The final line, 
therefore; is ABDN. 

¥t%. 15 shows the influence line for web member U^Lz 
of the anchor-arm; for a load on the span UoUi the stress 
may be represented by the influence line FGHIJ, precisely 
as for a non-continuous simple span. The line // is then 
continued to K, the vertical projection of U^, and thrai 
connected to A^. The final line is the line bounding the 
shaded area shown in the figure. 

Figs. 16 and 17 show the influence lines for the members 
Lst/e and LzLz respectively. They require no detailed 
explanation, for they represent the variation of the bendii^ 
moments at the points U9 and f/3 respectively. 
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Fig. 18 represents a complete cantilever structure, for 
which UoUt and Ui^U^^ are the suspended spans, UaU^ 
and UifiUit the cantUever-arms, and U^Uie the anchor- 
span. 

Fig. 19 exhibits the influence line for stress in UwLiz; 
the portion BCDE is found by treating the load on the 
anchor-span as if the latter were a simple non-continuous 
structiu^. The centre of moments falls at b and is projected 
vertically downward to F, from which point the lines BC 
and DE are drawn through points directly below the ends of 
the span J/gt/ie. BC is then continued to A and DE to G, 
the ends of the cantilever-arm. These points are connected 
to M and A^. The final line is, therefore, MABCDEFGN, 
and shows the position of loadii^ for both maximxun and 
minimum stress, and also the stress area. 

Fig. 20 is drawn in an exactly similar way for the 
member t/ioi-n, but in this case the centre of moments 
falls at a, within the anchor-span, and the influence line 
suffers the changes shown. 

F^. 21 is the influence line for stress in the chord 
member L\iLi2, the centre of moments for which is pro- 
jected down to 5. 

Cantilever on Towers. 

A constructive device used advantageously in cases 
where the cantilevers are supported on high iron or steel 
piers or towers is shown in Fig. 22. It leads to appreciable 
economy by the shortening of the clear cantilever opening 
as well as the anchor-arm. It consists in separating the 
feet of the two inclined posts L^La and LoLio to some con- 
venient distance and omitting all bracing in the rectangle 
UgUnLiLt. No shear can then be transferred past L9 to 
the left or past La to the right. Since this last condition 
exists, the reaction Ri at Lo, and the positions df loading 
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for all the maximtim web and chord stresses in the cantilever 
structure, as found from the preceding constructions, will 
hold for this case without any change whatever. It is only 
necessary to observe carefully that the open panel UsUt 
is to be treated as reduced to a point or entirely neglected. 
This is shown in Fig. 26, which js the influMice line for 




l/eZ-s- The line ST is parallel to QR, and would form a 
continuation of it if the point 5 were transferred to R. 

The only changes necessary are for the reactions i?a and 
R3, at Lg and Lb respectively, and the determination of 
the stresses in the members UsUt and LsLa. These latter 
stresses are always equal to each other, but with opposite 
signs; they may be found by obtaining the maximum 
moment at Lb and dividing by the height of tower, (/gLe. 
The reaction influence lines for R3 and i?a are shown in 
Figs. 23 and 24. 

In the case of Fig. 23, the ordinate below Ut is equal 
to the load itself, or P, and diminishes as a straight line BA 
to C/g. Rz remains equal to F for the load between U^ 
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and the end of the cantilever at t/ia, but diminishes as 
shown by CN from that point to U20, being always equal 
to the reaction of the simple suspended span at U13. 

Fig. 34 exhibits the variation of the reaction, at Ra. 
It is equal to P when the latter is at La, but it equals zero 
for the load at Uo, U9, and Uao- The slope of the line FG 
is a continuation of the slope of ME, i.e., FG is parallel 
to ME. The final influence area is that shown shaded. It 
is seen that no uplift ever occurs at R2. 

The variation of Ri as the load P passes over the struc- 
ture is shown by Fig. 25, and it differs in no way ffom 
that found without the open panel UsUa. The line HI 
is parallel to JK. 

As a check on the construction of these three figures, 
it is only necessary to note that at any one point the algebraic 
sum of the ordinates for Ru Rs, and Rz must equal P, 
the load. The diagrams fulfil this condition. 
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The members of a framed structure when stressed 
suffer strains or deformations and these strains cause dis- 
placements at all points in the structure. These displace- 
ments may be found by graphic methods if the strains 
in the members are known. The deformation of any 
member may be expressed by the following equation: 



-AE^ 



(i) 



in which JHs the change in length of any member, expressed 
in inches, being positive for tensile stress and negative for 
compressive stress, 5 the total stress in the member, 
expressed in pounds, A the area of cross-section of the 
member in square inches, I the length of the member 
in inches, E the coefficient of elasticity in pounds per 
square inch, e the thermal linear coefficient of expansion 
of the material in the member, per degree Fahrenheit, and 
( the change in temperature in degrees Fahrenheit. In 
order to find the displacement of the points of a structure 
it is necessary to consider the simultaneous strains or 
stresses caused by one position of loading and not the 
maximinn strains or stresses, since the latter occur for 
different positions of the loading. 
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Art. I. — ^The Displacemrat or WUUot Diagram. 

A simple statically determinate truss is a structure 
formed in general by adding to some triangle as a base 
element two additional members for each panel point in 
the frame. The problem of determining the displace- 
ment of any point in a simple statically determinate frame- 
work after the latter has been subjected to stress may there- 
fore be treated in the most general way by obtaining the 
displacement of a panel point such as b (Pig. i), which 




is connected to the member ac by the bars ab and be. The 
member ac is also a member of the complete framework, 
in which the points a and c are assumed to have already 
received the known displacements aa' and cc" shown in 
the figure. By the application of stress the members ab 
and cb are assumed to receive deformations of + dab and 
— Acb, the positive sign representing an elongation. 

Considering then the triangle abc as still unstressed, 
the points o and c of the bar ac will first suffer displace- 
ment to the positions a' and <f. This motion displaces 
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the point b of the bar ab to 61, bbi being equal and 
parallel to aa' ; and it also displaces the point b of the 
bar be to fca, &&2 being equal and parallel to cc'. The 
member ab is increased in length, however, by an amount 
+ Jab, and this increase is represented by drawing 61^3 
equal to + Jab and in the direction of a' to 61 . cb, however, 
is shortened by an amount — Jcb and the point 64 is foimd 
by laying off on c'b2, in the direction of fea to c', the distance 
6264 = Jcb. As the point b cannot occupy the two positions 
63 and bi simultaneously, its final position must be at 
the intersection of the members a'63 and c'bt, and this 
intersection may be obtained by rotating those members 
about a' and c* as centres respectively. It will, however, be 
sufficiently accurate for the small deformations generally 
found to replace these arcs of circles by straight lines drawn 
at right angles to the radii at their extremities. In this 
case, these lines are bsb' and bj}', intersecting at b'. The 
displacement of the original point b is then fully shown, 
both in magnitude and direction, by the heavy line bb'. 

The preceding operation is more conveniently applied 
in a diagram entirely separate from the trass figure, and 
the displacement of the point b is again shown in Fig. 2, 
which is known as a displacement or Williot diagram. In 
that figure each displacement is referred to some fixed 
point known as a pole and represented by the letter O. 
This pole represents also the zero displacement of a point 
of the framework, taken originally as immovable or fixed. 
The displacement of any other panel point is measured by 
its displacement from the pole 0. 

In Fig. 2, therefore, Oc' and Oa' are drawn through O 
respectively parallel and equal to cc' and aa' to represent 
the displacements of the points c and a. At c', Jcb is then 
drawn parallel to be and in the proper direction to repre- 
sent the shortening of the member be; and similarly. 
Jab is drawn parallel to 06, and in the direction o to 6, to 
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represent the lengthening of that member. At the ends 
of these lines perpendiculars are erected and their inter- 
section at h' shows the displacement of the point b. In 
Fig. 2 the line Oh' must be the same in direction and ni^;ni- 
tude as bb' of Fig. i . 

This method is easily applied to the case of a truss- 
crane, shown in Fig. 3, for which it is required to find the 
displacement of the peak e, the point of support a being 
fixed in position. It is also assumed that the member ab 
suffers no change in direction. The crane is supporting 
only a load W at the peak. 

In displacement work the following notation will in 
general be employed. On the truss diagram the panel 
points will always be designated by small letters, a, b, c, 
etc., while the members themselves will always be repre- 
sented by nimierals i, 2, 3, etc. The deformations 4i, 
A2, J3, will, however, each be marked on the displacement 
diagram itself only by the number of the member for 
which it represents the deformation. For instance, the 
member ab in Fig. 3 is known as member i in that figure, 
and its deformation in Fig. 5 is also represented by i. 
The displaced position of any point will be represented 
by the primed letter of the point, such as a', b', </. The dis- 
placement of such points from the pole O will represent 
their actual displacement. 

Before obtaining the displacements of the points of the 
structure, it is necessary to determine the strains in the mem- 
bers. For this purpose the stress diagram shown in Fig. 4 
must first be drawn. Table I shows in detail the length of the 
members. The intensities of stress existing in those mem- 
bers are obtained by dividing the total stresses scaled from 
Fig. 4 by the respective areas of cross-section, and the last 
column in the table shows the positive and n^ative strains. 
The coefficient of elasticity has been assumed at 30,000,000 
poimds per square inch. It is the usual practice in dis- 
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placement work to employ the gross sections of tension 
members in place of the net sections, that is, to make no 
allowance for rivet-holes, and then to reduce slightly the 
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value of the coefficient of elasticity to a value of perhaps 
38,000,000 or 29,000,000 pounds per square inch. 

It has already been assumed in this problem that the 
member ab suffers no rotation in position but remains hori- 
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2ontal and that the point a remains fixed in position. The 
point 0=a' is therefore chosen as the pole in Fig, 5. The dis- 
placement of b with relation to that pole is found by draw- 
ii^ I, F^. 5, parallel to i, Fig. 3, and equal to —.02 inch. 
The member i is in compression, and therefore the dis- 
placement of b with regard to a is in the direction of 6 to a, 
as shown in Fig. 5. If ab were in tension, b' would be dis- 
placed to the right of the pole O. The displacement of 
the point c may now be found by drawing lines parallel to 
2 and 3, equal to the deformations in those members and 
through the points a' and b'. The intersection of the 
perpendiculars erected at the ends of 2 and 3 will then 
■determine the point </. 

The displacement of the point d is next obtained by " 
drawing through the points b' and c" lines parallel to 4 
and 5, representing in magnitude and direction the de- 
formations in those members. The intersection of the 
perpendiculars to those lines erected at their extremities 
furnishes d'. The line connecting with d' then represents 
the displacement of d with respect to O. In precisely the 
same way the displacement of the point e is fotmd by 
drawing lines parallel to 6 and 7 through b' and d' and 
erecting perpendiculars at their extremities. The dis- 
placement of e with regard to a is therefore represented 
in Fig, 5 by the line Oe'. The displacement of any other 
point with r^^rd to a is found by connecting the pole 
"with any other point. In the problem, Oe' measures 
,24 inches. 

The problem just solved is more simple than the usual 
cases of displacement found in bridge-trusses, for in those 
structures no member such as ab remains fix^d in position. 
In simple bridge-trusses one end of the stnictiu-e is usually 
fastened to a pin connection about which the entire truss 
may rotate, and the other pin end usually rests on rollers 
■which permit that end panel point to move in one fixed 
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line only. In the case of bridge-trusses, therefore, it is 
ttsual in the first place to consider any member as fixed in 
direction and one end of it fixed in position, then to deter- 
mine the displacements of all the points in the structure 
with regard to that member alone. The structure, 
deformed and considered rigid in that condition, is then 
rotated about the end pin in such manner as to fulfil the 
condition that the other end moves in the proper line. 
Two separate constructions are therefore necessary for the 
case of bridge-trusses. .The first construction is exactly 
similar to that already explained. The second construction 
involves the representation of the displacements of a rigid 
figure when rotated about some fixed point. 

Art. 3. — Rotation of a Rigid figure about a Point. 

If a rigid figure such as the shaded triangle ahc of Fig. 6 
is rotated slightly, its motion may be expressed as one of 
-rotation about an instantaneous centre /. If the angle of 
rot-t'on for the triangle abc is a, the figure then takes the 
position o'fcV. The lines aa', bl/, c</ represent the dis- 
placements in position of the points of the triangle ; they 
are respectively perpendicular to the lines la, lb, and Ic. 
Fig. 7 represents a displacement diagram of a kind similar 
to that previously explained, being chosen as a pole 
from which all displacements are to be measured. Let 
there be drawn as rays emanating from this pole the dis- 
tances a"0, b"0, and c"0 respectively equal and parallel 
to aa', bb', and cc", these distances representing the changes 
in position of the' comers of the rigid frame. Connecting 
the points a", b", and c" by the lines a"b", 6"c", and (f'a" 
it will then be found that the figure a"b"c" is similar to 
the original frame abc, but turned exactly at right angles 
to it, for a"0 is perpendicular to al; b"0 to bl, and c"0 
to cl; and a"0:al::b"0:bl::c"0-.cl. 
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It will be evident in examining Fig. 7 that if the points 
a" and c" had been known, the position of the point i" 
could have been detennined by drawing upon the line 
a"c" a figure similar to the rigid figure abc. In the general 
problems of trusses, if the rotation of any two points is 
known, the rotation of all others may be found. It will 
be found in statically determinate trusses that the rotation 
of two points is always known. In general, one point 




Fio. 6. Fia, 7. 

such as a will be the centre of rotation, while the amount 
of the displacement of some other comer such as c, when 
subjected to the conditions of the problem, will furnish 
the rotation of the second point. 

If a point suffers two displacements, both of which ar& 
measured from the same pole O, the final displacement of 
that point, with regard to O, may be foimd by a triangle 
of displacements precisely similar to that of the triangle 
of forces. In Fig. 8 let a"0 represent the displacement 
of the point a of any figure found by the rotation of the 
structure about some point, and let Oa' represent the 
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displacement of the same point when the figure is deformed 
by stress. The final displacement of a is then represented 
by a"a' measured in the direction as read, and found by 
closing the triangle of displacements a"Oa'. It is to be 




noted that the direction of the resultant in the triangle is 
opposite to that of the two component displacements. 

In future notation the displacement of any point caused 
by stress will always be represented by the primed letter, 
such as a'. The displacement caused by rotation will 
always be represented by the second prime, such as a". 
The final displacement must then always be read in the 
direction of o" to a'. 



Art. 3. — Deformations of a Bridge-tnisa. 

The preceding analysis may now be applied to a bridge- 
-truss in order to find the displacements of its panel points 
when it is subject to loading. A steel railroad-truss hav- 
ing eight panels of 30 feet each with a depth of truss at the 
■centre of 40 feet, as shown in Fig. 9, will be taken. The 
other truss dimensions are shown in the figure. The 
deformations due to both dead and live load will be deter- 
mined. The loading will be considered imiform, that 
being sufficiently acciu'ate for the purpose. The moving 
train will be taken as covering the entire span. The dead 
loads or own weight are taken at 400 pounds per linear 
foot of span for the rails and other pieces that constitute 
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the track; at 400 pounds per linear foot for the steel 
floor beams and stringers, and 1600 potmds per linear 
foot for the weight of trusses and bracing. The moving 
train load will be taken at 4000 pounds per linear foot. 
This will make the panel loads for each truss as follows: 

Lower-chord dead load, 30X 800-24,000 lbs. per panel 
Lower-chord movii^ load, 30X2000 =-60,000 " " " 

Total load on lower chord =84,000 " " " 

Upper-chord dead load, 30X 400 = 12,000 " " " 

The structure is a "through" bridge, hence all moving 
loads rest on the lower chord. The stresses in the trussed 
members due to the combined uniform dead and moving 
load are easily found by the graphical method, one diagram 
only being needed. It is not necessary to show this 
diagram. 

Table I shows, then, the total stresses, the intensities of 
stresses, the lengths /, and the deformations Jl in the mem- 
bers. The displacement diagram (Fig. 10), may then be 
drawn in a manner similar to that for the trussed crane, 
assuming me as fixed in direction and one point of it, m, 
fixed in position. It is usually preferable to take as the 
member fixed in position a bar which it is known in advance 
suffers Uttle displacement. This avoids an unwieldy 
diagram and explains the choice in the present instance. 
The point m' (Fig. 10) represents, therefore, the pole, and 
the displacement of e with respect to m is shown as mV. 
The displacement of /' may then be found by drawing 
lines parallel to 12 and 22 through the points m' and e' 
respectively, equal to the deformations in those members 
and erecting perpendiculars at their ends. The 'intersec- 
tion of these perpendiculars gives the displacement of / 
at /'. The displacement of d may then be found by draw- 
ing lines parallel to 4 and 31 through e' and /' and erecting 
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- IJ,000 


— I.OOO 


433 




o'S 


'7 




- 800 


43= 








+ 93.710 


+ 7.400 


S6a 


+ 


,48 


16 


+ 7.400 


+ S9»o 


lt2 


+ 


iiS 




+ ta,ooo 




480 


+ 


017 


*S 


+ 1.000 


+ 800 


480 


+ 






+ 60,000 


X 4)8^ 


600 


-(- 




24 


+ 4,800 


+ 3840 


600 


+ 


oSi 


n 


- i).ooo 


- 1,000 


480 


-.., 













• £•• 18,000,000 pounds per aquare inch. 

* It vrill be noted th&t the right half of this Ubie b similar to the left half, 

but that the intensities of stress for that part of the table are but 8a per cent, el 

those shown for the memben indicated in the left half. This was done in order 

to av<ud sjuna^rf of the displacemeat diagram and would not, in general occur 

perpendiculars at their ends. The displacement of fe is 
next found by drawing through /' and d' lines parallel to 
II and 20 respectively, equal in magnitude and in the 
proper direction to represent their deformations and 
erecting perpendiculars at their ends. Panel points c, j, b, 
and a are then considered in that order. 

a' shows the final displacement position of a, the left- 
hand end of the truss. The displacements of the panel 
points of the right half of the truss are not shown in detail, 
in order to avoid confusion of the diagram, but they would 
be found in a precisely similar manner. The diagram 
shows only the displacement of the right end i at t'. 

The figure has so far been drawn upon the assumption 
that the point m is fixed in position and the direction of 
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me fixed. Actually, however, it is the point a which 
remains fixed in position and the point e is displaced to- 
the amount oV. The diagram also shows the displace- 
ment of i to be t'V, whereas the point can move only in a 
horizontal line. The distorted figure, now considered rigid, 
must therefore be so rotated about the point a that the 
point i falls in the line in which the end rollers move. 
By the methods of the previous article, a' at once becomes 
a", and it suffices merely to find the displacement of one 
other point in order to locate all the other displacements. 
The point i moves in a line at right angles to ai when the 
truss rotates about a. In Fig. lo, therefore, the line a"i" 
is drawn at right angles to at, and its intersection with 
i'i", drawn horizontal, determines the final displacement 
of i. i'i" is drawn horizontal, for that is the only possible 
direction of its displacement. The points a" and i" now 
furnish two points for the diagram from which the displace- 
ment of all other points in the figure, as it is rotated about 
a, may be found. It is simply necessary to draw upon 
a"i" as a lower chord a reproduction of the main truss, 
a"j"i^'l". . . i", every line of which must be at right angles 
to the corresponding line of Fig. 9. 

The final displacement of every point is now found as 
the resultant of the two previous displacements, these latter ■ 
always being measured in the direction of the second 
primed letter toward the first primed letter. For instance, 
the displacement of the point e is downward from ^' to ^. 

In general it is sufficient to determine merely the 
vertical projections of the displacements or the deflections 
of the panel points carrying the moving load, for these 
deflections indicate the extent to which the truss must 
be cambered. They may be found by projecting the posi- 
tions of the primed letters ^, d', <f, etc., to the left until 
they intersect at e\, d\, c\, etc., verticals dropped from the 
panel points. The open polygon obtained by connecting 
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these points may be closed by a line aii2 in the manner of 
closing a funicular polygon. The deflection of any panel 
point is then represented by the intercept in the polygon 
directly below that point, CaBi, for instance, being the deflec- 
tion of the point e. 

Art. 4. — Displacement Diagram for a Three-hinged Arch. 

Fig. 12 represents a three-hinged arch for which it is 
desired to obtain the displacements of all the panel points 
when the structure carries load. The stresses, the sectional 
areas, the lengths, and the deformations of the members 
are not given in tabular form, but the strain to which each 
member is subjected is shown to scale in the truss diagram 
by a heavy line on each member, the minus sign near 
each member representing a compressive strain, while the 
plus sign indicates an elongation. 

Treating first the left half of the arch, it is assumed that 
kd suffers no change in direction and that the point d 
remains fixed in position. Under that assumption the 
usual displacement diagram. Fig. 13, for the left half of 
the arch may be drawn. A line parallel to / is drawn verti- 
cally downward from d' (the pole) to represent the com- 
pressive strain in kd. At d' a line parallel to 2 is then 
drawn to indicate the displacement of /. The displacement 
of c is then found by drawing lines through f and d' parallel 
to 4 and 3 respectively and findir^ the intersection of the 
perpendiculars erected at the extremities of these lines. 
The displacements of the panel points t, b, h, and a are 
then found by treating the strains in the order in which 
the members are numbered. 

The right half of the arch is then to be treated in precisely 
the same manner, but it is sufficient to indicate in Fig. 13 
simply the displacement of the point g, namely g*. It is 
now necessary to determine the rotation of the two halves 
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cf the arch about the points a and g as centres respectively 
in such manner that the point d may coincide for both 
halves. 

Since the two parts of the structure rotate respect- 
ively about the fixed points a and g, the points a' and g' 
of Fig. 13 become at (mce a" and g". Treating the left 
half of the arch first, it is seen that d rotates at right angles 
"to the line ad, connecting o with d. In the displacement 
<iiagram (Fig. 13) the path of this rotation is indicated by 
a"d", a line drawn through a" at right angles to ad. 
Similarly the right half of the arch must rotate about g, 
and the path of the rotation of d about g.is represented by 
a line drawn through g" at right angles to gd of Fig. 12. 
The intersection of these lines fixes at once the final dis- 
placement of d at d". Since two final points of displace- 
ments have been found for each half of the arch, the dis- 
placement of all other points, may be found by drawing 
a. figure between d" and a" precisely similar to the right- 
hand half of the arch, but with every line at right angles to 
it. It is indicated in Fig. 13 by d"k"h''a". The displace- 
ment of any point in that part of the structure is obtained 
ty a line connecting the double-primed with the single- 
primed letters, the displacement of h for instance being 
h"h'. 

In order to avoid confusion the displacement of the 
points on the right half of the figure are not shown. There 
■would be required simply a figure drawn between g" and 
d" similar to the right half of the arch, but with every 
line at right angles to it. 

Displacements due to changes of temperatiffe are 
treated in precisely the same manner as the displacements 
due to stress deformations. The changes in lei^h caused 
by the stresses are merely replaced by the changes in 
length caused by the change in temperature. 
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CHAPTER VI. 

THE DETAILED DESIGN OF A RAILROAD BRIDGE. 

The design of the bridge will be based on the followii^ 
data ; * in engineering practice these would be furnished by 
the railroad company for which the bridge is to be built: 

Length of apan between centra of end pins. Panel length, 

ag' a", and number of panels, ii 351/ o" 

Distance between centres of trusses iS* o" 

Distance between centres of stiingera 7' 6" 

The centre height VJ^ is 63' o" 

The inteimediate bdgbt f^is 54' o" 

The end height C/,i, jfif o" 

The bridge is a through one, for single track, and 
the form of truss' is of the type known as the broken 
upper chord with subdivided panels, as is clearly shown 
on the stress sheet, Plate I. As specified by the railroad 
company, all of the material of the bridge is to be of medium 
steel; all the rivets are to be f inch, except that J-inch 
rivets may be used in the flanges of la-inch channel posts, 
in horizontal struts at the middle of posts, and in the over- 
head lateral or sway bracing. The structure is to be 
designed according to Cooper's specifications of 1896. 

* The authors are indebted to the American Bridge Company of New Yoik 
for the stress sheet and detail drawings of this bridge; the origioal design was in 
charge of Mr. O. E. Hovey, Engineer of Design. 

176 
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STRESSES IN THE STRUCTURE. 



Alt. I. — Stresses in the Structure. 

The stresses in the structure are caused by its own 
or dead weight and by the live or moving load. The dead 
load may be divided into two parts, the weight of the floor 
system coi^isting of rails, ties, track-fastenings, stringers, 
and fioor-beams, and the trusses and bracing. Excerpts 
from Cooper's specifications relating to these loadings are 
the following : 

§ 23. AU the structures shall be proportioned to carry the 
following loads: 

1. The weight of metal in the structure. 

2. A -floor weighing 400 pounds per linear foot of track 
to consist of rails, ties, and guard timbers only. 

These tivo items, taken tcgether, shall constitute the dead 
load. 

3. A "live load " on each track, supposed to be moving in 
either direction, consisting of 2 " consolidation" engines, 
coupled and followed by a train had, distributed as shown on 
diagram E40* {or 100,000 pounds equally distributed on two 
pairs of driving-wheels, spaced seven and a half feet, centre to 
centre) .f 

The maximum stresses due to all positions of either of the 
above "live loads" of the required class, and of the "dead 
load," shall be taken to proportion all parts of the structure. 

5 27. Variation in temperature, to the extent of 150° F., 
shall be provided for. 

5 28. When the structures are on curves, the additional 
effect due to the centrifugal force of trains shall be considered 
as live load. It will be assumed to act 5 feet above base of rail, 

* For a, diagram of locomotive E 40, see page 100. 

t This part of the spedGcatioii is usuallj employed in determining the maxi- 
mum bending moments and shears in the floor system. In the example under 
consideTation this alternative loading has been nc^ected. 
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and will be computed for a speed of ^oxzd miles per hour; 
d beirtg the degree of curve. 

§ 2p, All parts shall be so designed that the stresses comity 
upon them can be accurately calculated. 

§ 28 does' not apply to the structure under consideration^ 
and the requirements of § 27 may be fulfilled by placing 
one end of the bridge upon a nest of movable rollers. 



Art 2. — Detennination of Dead-load Stresses. 

The we^ht per linear foot of the trusses, not including 
the floor system but including all the lateral and cross. 
bracing, may be approximately estimated by means of the 
following formula; W = al, where W is the weight per 
linear foot of both trusses and bracing in pounds, a is a 
numerical coeflicient, and / is the length of span in feet. 
In the bridge under consideration a may be taken as. 
7.75. The weight of the two trusses then becomes 2700 
pounds per linear foot, or 39,380 pounds per panel per truss. 
This weight must be equally divided between the upper 
and lower panel points. The specifications require the 
weight of track to be taken at 400 pounds per linear foot, 
while the remainder of the floor system may be assumed 
to we^h 500 pounds per linear foot; hence these loads 
become 5830 and 7290 pounds per panel per truss respect- 
ively. They act at the lower panel points. 

The upper panel-point loading is then 19,690 pounds, 
but the lower panel-point loading becomes 32,810 pounds. 

The dead-load stresses are easily determined by graphic 
methods as shown in Fig. i ; for that figure only those 
web members shown in full lines are assumed to act, the 
dotted members acting as counters.* It is imnecessary to 
explain the details of the figure ; but to insure the accuracy 

*See Chup. II, Art. iS, for the treatmeDt of subdivided panels. 
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DETERMINATION OF DEAD-LOAD STRESSES. 



179 



of the graphic diagram it is important to check analytically 
the last stress fotmd. The stress in LsLe, for instance, is 
so found by passii^ a section through UtJJa, ViMt, and 
LiL« and taking the centre of moments at t/s- 




The compression stresses in LgM 4 and MtJJi are found 
by assuming C/3M4 not to exist and are quickly determined 
by the method of sections. 
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Art 3. — Dfltennination of Live-load Stresses in the Chords. 

The position of the moving load causing the greatest 
bending moment at any point in a truss or beam is. found 
by the following criterion,* it being supposed for con- 
venience that the train passes along the truss from right 
to left with Wi as the front load: 






(0 



In eq. (i), I' represents the distance from the left end 
of the truss to the centre of moments, i.e.. to the point 
in question, and / the total length of the truss; 
W1 + IV3 . . . Wn' the sum of the loads on I' and 
Wi H-PTb ■ ■ . W„ the sum of the loads on /. 

By the method of sections the stress in a chord member 
is found by dividing the maximum bending moment at 
the proper panel point by the normal distance (or lever- 
arm) from the panel point to the chord member in question. 
This method is directly applicable to the truss considered, 
although the modification furnished in Chap. II, Art. 20 is 
necessary in the case of the chord members in the sub- 
divided panels. 

By drawing a reaction influence line both the truss 
reaction and the bending moment at any point for any 
position of the moving load may be at once measured; 
the diagmm should be made on a large scale in order to 
attain the highest practicable degree of accuracy. 



* See eq. (6), Chap. 11, Art 6. 
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TABLE I. 



Member. 


'KS£?' 


„P_,P... 


Stren in Pound!. 


Renucki. 


I/, 


5 


I, 


+ 333.ot» 


Train advancing 
from right to left 




5 


I, 


+ 333.0OO 
+ 480,000 


&. 




13 


I, 


do. 




17 


I, 


+ S37.00* 


do. 


LJ, 


I? 


I, 


+ 537,000 


do. 


1^.. 


a3 
S 
13 


1 


+390,000 
-328,000 
-503,000 


do. 
do. 

do. 


"ifk 


17 


I, 


-563,000 


do. 




L, 


—631,000 


1 Cijteiion of the 


u,u\ 




i 


-63',~o 




uV, 


16 


i^ 


-614,000 


J panel 



By applying the criterion, eq. (i), and completing 
these diagrams, the results shown in the preceding table 
will be obtained. The table exhibits both the positions 
of the concentrations for the greatest bending moments 
and the greatest stresses in the variotis chord members. 

The uniform load is treated as a uniform series of 
loads of 2S,ooo pounds each; i.e., load No. 23 in the table 
indicates the fifth load of this series. 



Art. 4. — ^Determination of Live-load Stresses in Web Members. 

The methods of Chap. II, Art. 16 were used to determine 
the position of the loading causing the maximum stresses 
in the web members of this truss, the modifications neces- 
sary for subdivided panels being given in Art. 19 of the 
same chapter. 

The application of those methods gives all the results, 
both as to positions of loading and the greatest web stresses, 
exhibited in Table II: 
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TABLE II. 



Uember. 


Wh«l.k»d Nombcr. 


At P««l Point. 


Pounds. 


Rsmulo. 


v^ 




i. 


+ 257,000 


from right to fcft 


fA 




I. 


— 161,000 


do. 


V^ 




U 


+ i6o/»o 


do. 


"^ 




i. 


— 103,000 


do. 


U^, 




L„fcrp.™iV;, 


+ ao4,ooo 


do. 


"J, 


5 


L„fapudV. 


+ 168,000 


do. 


V,II, 


WhenL^.iamai. 




+ 6>,ooo 


do. 




3 


Z,Iorp.i»lI.I, 


+ 104,000 


Train advancing 
from left to i^t 


M,I, 


S 


L^ for panel LJ-, 


+ 82,000 


do. 


"^ 


3 


i. 


- 79.000 


Train advancing 
from right to left 


V^. 


3 


I^ for panel i A 


+ 173,000 


do. 


U,L, 


3 


i„ for panel L.L, 


+ 136,000 


do. 



The members UiLi, MtL^, and M^La are simply hangers. 
They carry in tension the maximum floor-beam load, which 
occurs when wheel No. 5 is directly at the hanger. 

The members UtM* and UeMo are simply supporting 
struts; they carry in compression the dead load assumed 
to exist at their upper ends, but they cany no live load. 

The horizontal struts MzMt and MsM^ are intended 
simply to prevent flexure of the long column into which 
they frame. They are subject to no direct stresses of 
either tension or compression. 

The determination of the maximum tension in the ver- 
tical members t/gL and UsLi has already been treated in 
full in Art. 31, Chap. II. 
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ND STRESSES. 






^sses an4 vibrations . . . 

jft bridges, for all spans 
jj to resist a lateral force of 

v^ I t; 300 pounds of this to 

Kting on a train of cars. 



^)1 ! ihroiig^ bridges for all 

"*»« tioned to resist a lateral 

V span. 

■s,. id in each of the above 

O^ 1 o feet of span." 

fications, the assumed 
ill be 470 pounds per 
170 pounds per linear 



» 



! d lateral bracing are 
■ analytical methods.* 
a truss of 13 panels 

L piaiic wnn Its abutments at the feet. 

of the end posts. The loading is fixed in position and 
equal to 39.1 Xi7o-=495o pounds per panel, the reaction 
at the end post beii^ 29,700 pounds. The secant of the 
angle of inclination between the- web members and the 
perpendicular to the plane of the. main truss is 1.9. The 
stresses in the web members are then found by multiplying 

* For the treatment of wind bradng, as ezempliAed in this chapter, the reader 
b refencd to Burr's "Stresses in Bridge and Roof -trusses." 
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the shear in the respective panels by this secant, and 
they are given on the stress sheet. It shotJd be noted 
that in this treatment the panel of the portal is considered 
a part of the wind bracing, although the true lateral brac- 
ing in that panel is replaced by" a portal frame. This 
involve no error in determining the stresses of the webbing 
of the system, and is on the side of safety for the chord 
members. The stresses in the chord members are easily 
found by the method of sections. 

Lower Lateral Bracing. 

The lower lateral bracing is designed tor a moving load 
of 300 pounds per lineal foot and a fixed load of 170 potmds 
per lineal foot. The stresses in the chord members of that 
system are easily found by multiplying the stresses in 
the chord members of the upper lateral system by the ratio 

2.76. 
170 ' 

The Slim of the fixed and moving loads is taken, since the 
truss must be entirely covered by the moving load for max- 
imum chord stresses. The resulting stresses are shown on 
the stress sheet. 

The stresses in the webbing are foimd by taking the 
stationary load the same as for the upper chord bracing 
and combining its effects with those due- to the moving 
load. The following examples, illustrate the method 
employed: 

Weh Member in Panel LaL\. 

The stress in this member has its maximum value when 
the entire triKs is covered by the moving load. The reaction 
then becomes 52,500 poimds, and the shear in the panel 
is 53,500— (29.1 X3oo)/2 =48,150 poimds. The stress is 
then 48,150X1-9=91,500 poimds. To this must be added 
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the Stress due to the stationary wind load, viz., 5100 
pounds. The siun of these two quantities may then be 
assumed to be carried equally between the two intersecting 
web members within the panel, causing compression in 
the one and tension in the other member. 

The resultant stress for each is therefore i(9i.50o + 
51,000) =71,250 pounds. 

Web Member in Panel L1L2. 

For this member, ^"/n of the bridge, or 318. i feet, should 
be covered by the uniform moving load.* The shear in the 
panel is then 43,400 — 3620=39,780 pounds, and the 
stress is 75,500 pounds. The stress due to the stationary 
load is 42,000 pounds; hence the final stress in the member 
is i(75, 500 + 42,000) = 58,750 pounds. 

The other web members of this lateral system are 
treated in precisely the same manner. 



Art. 6. — Design of Lower Chord Hembers. 

The specifications which apply to the design of the 
lower chords are the following : 

5 JO. All parts of the structures shall be proportioned in 
tension by the following allowed unit stresses: 

Bottom chords, main diagonals, counters, and long verticals 
(forged eye-bars) — for live loads 10,000 pounds per square 
inch and for dead loads 20,000 pounds per square inch. 

5 36. The stresses in the truss members or trestle posts 
from the assumed wind forces need not be considered except 
as follows: 

ist. When the wind stresses on any member exceed one 
quarter of the maximum stresses due to the dead and live loads 

* The student may check thjs by the method of influence linea. 
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Upon the same member. The section shall then be increased 
until the total stress per square inch will not exceed by more 
than one quarter the maximum -fixed for dead and live loads 
only. 

Member L^Lt- 

The stresses in this member, as taken from the stress 
sheet, are; 

Dead-load stress— -1-424,000 pounds. 
Live-load stress —•\-igo,i3txi " 
Wind stress -• ± 402,000 ' ' 

N^lecting the wind stress, the area of cross-section 
reqxiired would be 8o.a square inches, as shown: 

424,000-1-20,000 = 21.2 square inches. 
590,000 + 10,000 — 59.0 " " 

80.2 

The actual intensity of stress in the member would 
then be (424,000-1-590,000) -J-80.2 =12,600 pounds per 
square inch. The unit stress due to wind would then be 



-g^ =5010 pounds, 

which exceeds by 5010—3150 = 1860 pounds, one quarter 
of the imit stress due to the dead and live load. The 
sectional area of the chord member, therefore, must be 
increased imtil the intensity of stress does not exceed 
12,600x1 = 15,750 pounds. The combined dead, live, and 
wind loads is 1,416,000 pounds. Hence the required area 
of cross-section wiU be 

1,416,000 . 

— ■rrir' = °9-9 square mches. 
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The mMnber will then be composed of six eye-bars, each 
8 inches deep by ij inches thick, the area of whose com- 
bined cross-section will be 90 square inches. 

Other lower chord members are treated in exactly the 
same way, and it will suffice to consider one more only, 

Member L^Lt. 

De&d-load stress— + 381,000 lbs. @ 10,000 lbs. — 19.1 sq. in. 
Live-toad stress — + 537,000 Iba. @ io,ooo lbs. — 53,7 " 

Wind stress-* 356,000 lbs. 
Total stress- +1,375,000 " 

N^lectir^ wind stress, the average stress in the member 
would be 

382,000-1-537,000 , J • ■. 
■, R = 12,620 potmds per square mch. 

■Adding 25 per cent, to this stress on account of wind, the 
final section required becomes 

1,275,000 „ „ . , 

-7 — 7 — ; TT =80.8 square mches. 

(12,6204-3,154) ^ 

The member will be composed of six eye-bars, each 
8 X I H inches , whose combined area will be 8 1 square inches . 

The lower chord members in the first two panels of the 
truss are subjected to a more sudden loading than those 
in the other panels ; it is therefore customary to form these 
members either of shapes suitable to resist compression, 
such as channels, or stiffen them by latticing the eye-bars 
together. In the present case the latter plan will be 
adopted; the two centre eye-bars, foiir being necessary, 
will be tied tc^ether by 2iXi-i^ch lattice bars. 
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Art. 7. — Dedgn of Upper Chord Members. 

The following specifications apply to the design of the 
upper chord : 

§ 55. Compression members shall be proportioned by the 
following allowed unit stresses: 

Chord segments: 

P = 10,000 — 45— for live-load stresses; 
P = 20,000 — go— for dead-load stresses. 

End posts are not to be considered chard segments. All 
posts of through bridges: 

P — 8500 — 45 — for live-load stresses; 



P~ 17,000 — go— for dead-load stresses, 



in which expressions P is the allowed stress in pounds per 
square inch of cross-section, I is the length of compression 
member in inches; r is the least radius of gyration of the 
section in inches. 

No compression member, however, shall have a length 
exceeding 12^ times its least, radius of gyration. 

5 ^0. The unsupported width of plates subjected to com- 
pression shall not exceed 50 times their thickness, except cover- 
plates of top chords and end posts, which will be limited to 
40 times their thickness. 

S go. In compression chord sections the material must 
mostly be concentrated at the sides, in the angles and vertical 
ribs. Not more than one plate, and this not exceeding ^ inch 
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in thickness, shall be used as a cover-plate, except when neces- 
sary to resist bending stresses or to comply with § 70., 



Member UcU^. 

Dead-load stress— —448,000 pounds, 
live-load stress-^— 614,000 " 

It will now simplify the design work to reduce the dead- 
""kiad stress to the equivalent live-load stress; for this 
member the live-load stress, plus one half the dead-load 
stress, becomes 848,000 pounds. 

The allowed unit stress is not a constant quantity for 
compression members, but it depends upon the radius of 
gyration of the cross-section of the member. It becomes 
necessary, therefore, in designing, to assume some trial 
value for the radius of gyration. In the rectangular or 
box form of section adopted for upper chord members, 
it will iisually be found that the radius of gyration has 
a value of about 0,4 the depth of the side plates, the depth 
of the member being taken slightly greater than would be 
the case in a vertical column on account of the bending 
induced by its own we^ht. This depth is tisually about 
one-twelfth to one-fifteenth the length. 

In the case of U^Un, the depth of the member may be 
taken as 28 inches; the assumed radius of gyration be- 
comes 11.2, and since / is 350 inches, the assumed unit 
stress becomes 

350 
P — 10,000 — 45 =8594 pounds per square mob. 

The approximate area required is therefore 
848,000 -i- 8594 =■ 98.7 square inches. 
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A trial cross-section must now be formed from angles 
and plates of about this area, and tested to ascertain 
whether the assumed radius of gyration must be modified. 
The upper angles in the trial section should be made as 
Ught as possible, so that the cover-plate may be largely 
balanced by the heavy bottom angles. Flat bars are 
frequently added to the horizontal legs of the lower angles 
for the same purpose. In this manner the centre of gravity 
of the section may be brought down sufficiently near to 
mid depth to ^ve the space needed inside the chord for 
the eye-bar heads, the pin axis being made to pass through 
the centre of gravity of the section. At the same time 
there is gained the incidental but important advantage of 
an increased moment of inertia. If the chord were subject 
to no bending from its own weight, the axis of every pin 
should pass through the centre of gravity of the section. 
It may be shown * that this flexure cannot be satisfactorily 
met and neutralized by the direct stress, particularly if 
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CHORD- SECTION u^u. 



Fia. 3. 

the chord is considered as continuous. It is best there- 
fore to reduce the bending stresses by making the chord 
depth as great as possible and placing the axis of the pin 
either through the centre of gravity of the section or but 
slightly below it. 

■ See Art 69, Buir's ' ' Course on Stresses in Bridge and Roof Tnusei." 
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Let the following section (shown in Fig. 2) be tested: 

S<l.In. 

I cover-plate. 3o"Xj" - 18 

» angles 4"X3i"X A"- 7 

a web plates i8"xi" -38 

' •' '■ i8"xA" -34 

» "nglea S"X4"XA" - 9 

a bars. 6"xi" - le 

99 

The position of the centre of gravity of this section must 
first be determined by taking moments about the upper 
edge. The following calculation will determine its position : 



M<aoent ot cover-plate 18.75X 0.63— 

" " upper angles 7.80X I 

" " web plates 53.50X14 

" " lowerangles 9.50X37 

*' " bars 10. 50X19.07 —306. 

Total- i,36i 



Dividing this sum by the total area of the section deter- 
mines the distance of the centre of gravity from the upper 
edge, i.e., 

1363.5 



9905 



=■13.8 inches. 



The moment of inertia of the section must now be found 
about this centre of gravity as an axis : 



30X(.63}' 



+ti8.75X (13-5)1- 3,430.6 



Cover-plate, 

Upperanglet, iXS-7i + [7»oX("-9)l- "."4-4 

Webpkies, '•^"^^^'^^' +[53.5oX(-8)1- 3.463-6 
Lowerangles, jX6.a7-f[9.5oX(i3-7)l- '.7M.S 

Bt«, '-^^^5|^'+[».SoX{iS-3)l- M60.7 

Total- ia,aS3-8 



sdbvGoO^^lc 



19" DETAILED DESIGN OP A RAILROAD BRIDGE. [Ch. VL 

The radius of gyration is equal to the square root of the 
quotient obtained by dividing the moment of inertia by 
the area, that is. 



=sff. 



where r = the radius of gyration of section, 

/ = moment of inertia of section, 
and A =area of section. 
In the present case 



r^4 



.=53-t 



9905 



1 1. 1 inches. 



This is so nearly the value assiamed that it will not be 
necessary to repeat the calculations with the true value of r. 
If there had been a considerable difference between the 
assumed and the actual values of r it would have been 
necessary to repeat the calculations with such changes 
in the trial section as would furnish satisfactorily correct 
results. 

It must be. determined whether the moment of inertia 
may not be smaller about the vertical axis of symmetry 
of the section ; if this be the case, this smaller value of r 
must be used to determine the allowed intensity of stress. 
The calctalations for this moment of inertia are as follows : 

Co^r-ptate, :^i^'- ,.405 

Upper angles, a[4-o7 + (i9.S3)'X3-9l- i.»36 

WebpUtes, if^^—^+ie.asXitt.oi)']- 6,404 

Lower angles, 3[ii.»6+{i3.i3)'X4-7S]- '.656 

ToUl- 11,645 
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This moment of inertia is larger than the one found 
for the horizontal axis, and it need not therefore be further 
considered. 

The distance from back to back of the lower and upper 
angles will be made 28} inches, being slightly greater than 
the depth of side plates in order to prevent their inter- 
ference with the cover-plate or lower bars during manu- 
facture. The axis of the pins will be placed 144 inches 
from the upper e(^e of the cover-plate, thus allowing 
a small counter moment from the direct stress due to a 
lever-arm of 0.7 inch. The other upper chord members 
are treated in precisely the same manner. The stress 
sheet, Plate i , shows in sufficient detail the forms of cross- 
section adopted. 

End Post LoUi. 

The end post is designed under a different provision of 
the specifications, the allowed intensity of -stress for live 
load being foimd by the following formula: 

^ = 8500-45-7- 

The length of the end post between pins is 558 inches, 
but it may be assumed that the effective length is only 
one half of this, since the post is supported at its centre 
in one direction by an inclined strut, and in the direction 
at right angles by the portal bracing. Assiuning ^ = 379 
inches and r = ii.i inches, the allowed intensity of stress 
becomes 7370 pounds per square inch. 

Desd-load stress — — 371,000 pounds 

Live-load stress — — 518,000 ' ' 

(1 dead+live) loadstresi— — 713,500 " 
Therefore '^'1^— 96.9 square Inches required 
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The stress sheet indicates Jhe section adopted for this 
member. It will be found on examination that the require- 
ments of the specifications concerning the imsupported 
widths of plates in compression have been fulfilled. 

Art, 8, — Design of Floor-beam Hangers, 

UiLu LtMi, UMe. 

These members are built from shapes rather than from 
bars with forged ends, in order that the floor-beams may be 
attached to them with the same details that are used at 
other panel points. The foUowii^ specifications apply; 

§ JO. Floor-beam hangers and other similar members (in 
tension) liable to sudden loading {plates and shapes), net 
section at 6000 pounds per square inch. 

Long verticals in tension {plates or shapes) , net section at 
gooo pounds per square inch for live loads and 18,000 pounds 
per square inch for dead loads. 

UiLi, LiMi, and L^Mg are long verticals, and they are 
covered by the second of the preceding provisions. 

Member UiLi. 

Dead-load stress — + 33,000 pounds 

Live-load stress — + 84,000 ' ' 

(idead +Hve) load stress— +100,500 " 
^fftC — 1 1. 1 7 square inches required. 

The following 15-inch channels spaced 14 inches back 

to back more than satisfy this requirement; 

Two 1 5-inch channels we^hing 32 .95 poimds per lin. ft. ©9.69 

square inches = 19.38 square inches gross or 17.88 

square inches net, held together by single latticing 

2I X J inches. 

This is much more metal than is needed, but the member 

is 36 feet long and requires increased stiffness on that 
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account. As these same channels must be used for a 
number of the main web members of the truss, they will 
also be vised for these long verticals. 

Members L4M4 and L^M^. 

Both of these mranbers are subjected to the same 
stresses, and since they occupy similar positions in the 
truss, they will be designed exactly alike. 

Dead-load stress — + 33,000 pounds 

Live-load stiess — + 84,000 " 

(i dead + live) load stress— + 100,500 " 
^ill"" "■'6 square inches required. 

A narrower channel than 12 inches cannot be used on 
accoimt of the floor-beam connection; it will be necessary 
to use two 12-inch channels, each weighing 24.51 pounds 
per linear foot, with a total gross area of 14.42 square 
inches and a net area of 12.86 square inches tied together 
by single latticing 2^X1 inches. These members will be 
continued vertically upward to form the members MiU^ 
and Mflf/e respectively; their sections are ample to carry 
the compressive stresses imposed. 

Art 9. — Design of Vertical Main Web Members or PoBts. 
C/2L3, UzU, Ud^s. 

These main vertical posts are all in compression and 
therefore subject to the following specification: 

§ 33. All posts of through bridges shall be proportioned by 
the following allowed unit stresses: 

P— 8,500 — 45— for live-load stresses; 
P - 17,000 — go— for dead-load stresses. 
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Member U3L2. 



Dead-load sbess 
Live-load stress 
(Hod + live) load St 



By assuming the width of post at 22 inches, and the 
raditis of gyration .35 of this width, the length of the post 
being 540 inches, the allowed intensity of stress becomes 



i> = 8soo- 



45X540 



= 5340 pounds per square inch, and the 



area of section required '- =39-3 square inches. 




Fig. 3. 



The followii^ trial section (Fig. 3) may be asstmied: 

2 plates 22"XA" =24.75 square inches 

4angles 3i"X3i''XA" = i4-6o " " 

39-35 
The plates are spaced 14 inches back to back. The 
moment of inertia about the AB axis will be: 

D1 * F AX (2 2)3 -] 

Plates = 2 — ^— =1000 

Angles = 4[4.o -I- {3.65 X lo^)] = 1476 
Total = 2476 



— ^ 



a47^ 



- 7.95 inches. 
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It will not be necessary to make use of the radius of 
gyration about the CD axis (in this case 6.48 inches), since 
the length of the column to be inserted in the formula, 
■when considering this radiiK, is much reduced by the 
cross-bracing at its upper end. The allowed intensity of 
stress for this shortened coltnnn, taken in connection with 
the smaller radius of gyration, shoidd always be tested. 

In the present case the value of 7.95 inches for the AB 
radius checks the value assumed sufficiently near so that 
recalculation will not be necessary; the trial section will 
be adopted as it stands, using single 2^ X i inch lattice bars. 

Member [/3L3. 

Dead-load stress— —31,000 pounds 
*Live-load stress — + 25,000 ' ' 
Live-load stiess ——73,000 " 

In the case of this member, the following specification 
relative to alternate stress becomes operative: 

§ 35. Menders subject to alternate stresses of tension and 
compression shall be proportioned to resist each kind of 
stress. Both of the stresses shall, however, be considered as 
increased by an amount equal to ^ of ^ least of the two 
stresses for determining the sectional areas by the usual 
allowed unit stresses. 

The equivalent live-load stress for U3L3 then becomes 
(J dead + j^ tension live + compression live) load stress 
" — 109,000 pounds. 

Assuming a width of 15 inches, and the radius of gyra- 
tion .35 the width, the length of- the column being 27 feet 
(not 54 feet, since it is supported in two directions at the 
centre) furnishes a unit stress of 8500— (45X324)75.25 =- 



*See Chap. II, Art. 3i, for the deteimiuatiou of this counler-stress. 
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5720 pounds per square inch. The required area will 
therefore be 

100,000 . , 

= 19.0 square inches. 

5.720 ^ "^ 

A trial section of 2-15 inch channels, weighing 32.95 
poimds per linear foot, with a total area of section of 
19.38 square inches, will be found to furnish a radius of 
gyration of 5.67 inches, and to fulfil all the required con- 
ditions. The spacing back to back of channels will be 
made uniform with that of the other hangers and posts 
at 14 inches, and the latticing will be single, 2}X§ inches. 

Member U^Ls. 

Dead-load stress— — 7,000 pounds 

live-load stiTSa —-f 37,000 " 
live-load stress — — 79,000 " 

TTie equivalent live-load stress is (lX7ooo-|-nXa7,ooo 
+ 79,000) = 104,100 pounds compression. 

The effective length of column may be assumed as one 
half of 63 feet, and since the stress in UsLa is nearly the 
same as that in UaLa, the section belonging to the latter 
may be used for a trial; therefore ^ = 5.67 inches. The 
allowed intensity of stress then becomes : p = 8500 — 
(45X378)/5-67 = S5oo pounds per square inch, and the 
area of cross-section required 104,100/5500 — 18,95 square 
inches. 

The trial section of 19.38 square inches may therefore be 
adopted as final, using as in the other cases a spacing of 
14 inches back to back of channels and single latticing 
2} inches by X f inch. 



sdbvGoo^^lc 



Art. io.] DESIGN OF MAIN WEB MEMBERS. 199 

Art. 10. — Design of Main and Counter Web Members. 
Tension Web Mentbers. C/ai-a, UaMt, M^Ls, U6^it. 

The following specification applies to these tension web 
members: 

S JO. The allowed unit stresses in tension for main 
diagonals and counters shall be: 

10,000 pounds per square inch for live loads. 
20,000 pounds per square inch for dead loads. 

Member U2L3. 

Dead-load stress — + 78,000 pounds 
live-load stress — -(-160,000 " 

The equivalent live-load stress is (J dead -|- live) load 
stress = -I- 199,000 pounds. 

The required area of cross-section will therefore be 



199,000 



19.9 square inches 



and will be formed of 2 eye-bars 7 inchesXiA inches ■- 
20.12 square inches. 

The following table shows the method of design for 
the other web members. 



]il«nb«. 


•^ 


lis 


Poundi. 


Aim 

IS" 


Swtion Adopted. 


m 


Ti 


+90,000 

■HS 7,000 
+ 36,000 


+ 173,000 


+ 345,000 
+ 196,500 
+ 191,000 


34-9 
19-65 
19. 1 


»b«rs-7"Xi«" 

abars-7"X.ft" 
3bm-7"Xii" 


35-38 

10. la 
19.16 
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Counter Web Members, LiUt, LgMt, L^Mg, and M^Ui. 

The following specification applies to these members : 
§ 45. The areas of counters shall be determined by taking 
the difference in areas due to Ike live- and dead-load stresses 
considered separately; the counters in any one panel must 
have a combined sectional area of at least 3 square inches, 
or else must be capable of carrying all the counter live load 
in that panel. 

Member LjUa. 

There is acttially no counter stress in the panel LaL^, 
and the member Lat/g is only inserted to secure a margin 
of safety. In compliance with the specifications, there- 
fore, it must have a cross-section of at least 3 square inches. 
One adjustable rod if inches square haying an area of 
3.06 square inches fulfils these requirements. 



The difference between the equivalent of the dead-load 
stress in terms of the Hve load and the live load will be 
— ^(90,ooo}-f-82,ooD = 37,ooo pounds tension. 

At 10,000 pounds per square inch a cross-sectional 
area of 3.7 square inches will be required. Two adjustable 
rods I J inches square having an area of cross-section of 
4.5 sqiiare inches will be used. 

The stress in the remaining counter members are not 
completely determined statically, and the sectional areas 
of those members should be based on the tmdiminished 
Jive-load stresses in them. 
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Member LsMa. 

Dead-load stress— — 36,000 pounds 
Live-toad siress — + tj6,ooo " 

This member should be designed according to the last 
condition of the specification, viz., to be capable of 
carrying all the counter live load in the panel ; the area 
required will therefore be 13.5 square inches, and will be 
composed of 2 adjustable bars 6X1 J inches having an 
area of 13.5 square inches. 



Mmto- M,C/,. 


Ijve-load stress 
Dead-load stress 


--I- 39,000 pownda 

!-■*- 63,000 " 


Dead-load slres< 
Live-load stress 


i— — 66,000 pounds 
-+104,000 " 



This member will be designed according to the same 
condition as LsMe. In this case all the coimter live-load 
stress equals 104,000 pounds, and at 10,000 potmds per 
square inch the area required would be 10.4 square inches, 
which is supplied by two 6X1 inch eye-bars having an 
area of 12 square inches. 

This completes the design of the main members of the 
truss; the intermediate struts M3M4, M^f^, and the 
collision strut supporting the centre of the end post carry 
no definite stresses. Their form of section depends to a 
great extent upon their end connections, and they are 
usually bmlt of light angles latticed together in box shape. 

In the present case all these struts will be built of four 
3i X 3i X 3 i"ch angles, having a combined area of 10 sqtmre 
inches laced together in a box form by four sets of single 
lacings aJXA inches. The dimensions of the box forms 
will depend upon the connections which these struts make 
with other members. 
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Art. II.— Combined Stresses. 

$ 3Q. When any member is subjected to the action of both 
axial and bending stresses, as in the case of end posts of 
through bridges, or of chords carrying distributed floor loads, 
it must be proportioned so that the greatest fibre strength will 
not exceed the allowable limits of tension or compression on 
that member. If the fibre stress resulting from weight only, 
of any member exceeds to per cent, of the allowed unit stress 
on such member, such excess must be considered in proportion- 
ing the areas. 

In accordance with the above specification the chord 
members should be tested with reference to the bending 
stresses induced by their own weight. The condition of 
the ends or of the supported sections of these sections 
considered as beams is largely a matter of conjecture; they 
may be considered fixed at their ends or assumed entirely 
free to turn, or their condition may be assumed half way 
between. It is probably reasonable, at least, to assume 
these members fixed at their ends or supported sections, 
since the friction on the pins will tend to produce that 
condition. 

It ft^ll be sufficient for present piuposes to test one 
upper and one lower chord member for combined stresses. 
The method here adopted for finding the bending stress in 
the truss members, although always yielding safe results, 
is not exact. Strictly speaking, the bending efEect of the 
axial stresses should be recognized.* 

Member UsUt- 
The cross-sectional area of this number is 99.09 square 
inches, but allowing 20 per cent, additional for rivets, 

* For the eiftct theory, see Burr's "Resistance of Materials," edition 1903, 
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latticing, and other details, the weight per inch of length 
will be 33.8 poirnds. The length between centres of end 
pins is 350 inches ; therefore the maximum bending moment 
M, assuming the member to have fixed ends, will be at 
the centre, and equal to 518,000 inch-pounds. 

The moment of inertia / of the section is 12,254; there- 
fore k, the intensity of stress in the extreme fibres, is, by 
the following formula, 

, Md 518,000X14 J . , 

k=—j-=- -592 pounds per square mch. 

This is less than 10 per cent, of the allowed compressive 
intensity in the member, and it may therefore be n^lected. 

Member L^Lo. 

The dimensions of one eye-bar are 8 inches deepXi| 
inches thickX 350 inches long; the weight per inch of length 
will be 4i poxmds, and the maximum bending moment 
at the centre, assuming fixed ends, will be 32,500 inch- 
pounds. The moment of inertia is 80; therefore the 
stress in the extreme fibres at the centre will be 

33,500X4 , J . t- 

^-^ =■ 1625 pounds per square mch. 

The permissible axial unit stress (see page 186) was 15,750 
pounds per square inch, and the bending stress is so slightly 
in excess of 10 per cent, that it may be safely neglected. 

There still remains to be treated the bending in the 
end post caused by the overturning effect of the wind; 
the maximum bending will occur at the connection of the 
curved bracket of the portal to the end post and at the 
foot of the end post, since that member may be considered 
fixed at the lower end, and may be treated precisely as in 
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the case of a post supporting a roof-truss by the aid of 
brackets (Chap. I, Art. i8). A point of contraflexure 
midway between the foot of the end post and the curved 
bracket may therefore be assumed to exist. 

If it be supposed that the wind loads of the upper chord 
are carried equally to both end posts, the maximum bend- 
ing moment becomes J the wind reaction by J the distance 
along the post measured from its foot to the bracket con- 
nection; in this case 14,875 poundsX 140 inches = 2,o82,5oo 
inch-pounds. The moment of inertia about the axis of 
bending is about 12,500, and the distance from the neutral 
axis to the extreme fibre of the upper angles is 15 inches, 
it being remembered that the bending takes place in the 
plane at right angles to the vertical plane through the 
axis of the truss. The stress in the extreme fibre wiE 
then be 

2,082,500X15 . . , 
— 2500 pounds per square mch. 

At the same time the stress in the web plates, which con- 
stitute the greater portion of the cross-section of the post, 
will be (2,082, 500X11. 5)/i2. 500 = 1920 pounds per sqtiare 
inch, due to this same bending. 

This stress is a wind stress, and is therefore subject to 

§ 36 of the specifications. The average stress in the end 
post due to dead and Uve loads is (371,000 + 528,000) 797.25 

— 9250 potmds, and one quarter of this is 2310 poimds; 
therefore the bending due to wind may be safely neglected. 
As a further margin of safety it should be noted that the 
point of greatest bending due to wind does not coincide 
with the point of greatest bending due to the simple com- 
pression in the member. 
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Art. 12. — Dedgn of Stringers and Floor-beams. 

The following specifications apply to these members ; 

S JO. The allowed unit stress in tension, for the bottom 
flanges of riveted cross-girders (net section), shall be 10,000 
pounds per square inch, and for the bottom flanges of riveted 
longitudinal plate girders used as track stringers (net section), 
10,000 pounds per square inch. 

S 40. In beams and plate girders the compression flanges 
shall be made of the same gross section as ike tension flanges. 

§ 41. Riveted longitudinal girders shall have, preferably, a 
depth not less than one tenth the span. 

§ 42. Plate girders shall be proportioned upon the sup- 
position that the bending or chord stresses are resisted entirely 
by the upper and lower flanges, and thai the shearing or web 
stresses are resisted entirely by the web plate; no pari of the 
web plate shall be estimated as flange area. 

The distance between centres of gravity of the flange 
area will be considered as the effective depth of all girders. 

S 4J. The webs of plate girders must be stiffened at 
intervals of about the depth of the girders, wherever the shearing 
stress per square inch exceeds the stress allowed by the follow- 
ing formula: 

Allowed shearing stress =■ 

13,000 



* "^3,000* 

where H—ratio of depth of web to its thickness; but no web 
plates shall be less than f of an inch in Sickness. 



The foUowii^ specifications for rivetir^ also apply to 
the desi^ of these members : 

S J7, The rivets in all members other than those of the 
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"floor and lateral systems must he so spaced that the shearing 
stress per sqtiare inch shall not exceed gooo pounds, nor the 
pressure on the bearing surface {diameter Xtkickness of the 
piece) of the rivet-hole exceed 15,000 pounds per square inch. 

The rivets in all members of the floor system, including all 
hanger connections, must be so spaced that the shearing stresses 
and bearing pressures shall not exceed 80 per cent, of the above 
limits. 

In the case of field riveting (and for bolts) the above- 
allowed shearing stresses and pressures shall be reduced one 
third. 

Rivets and bolts must not be used in direct tension. 



Stringers. 

The stringers are assumed 350 inches long and 32J 
inches back to back of angles, the depth of the stringer 
being taken a little less than one tenth of the span to permit 
the required track elevation. The actual depth of the web 
plate will be 32 inches, but the distance back to back of 
angles is increased by \ inch, so that the web will not 
project between the angles and cause difficulty in riveting 
the cover-plates. It should be noted that shallow stringers 
deflect more than deeper ones, thus tending to produce 
greater direct tensile stresses on the end-connection rivets. 

The maximum bending moment due to live load will be 
found for that position of loading in which the centre of 
gravity of the load is situated as far on one side of the centre 
of the beam as the point of maximum bending is on the 
other side, and a wheel load will always be found over this 
point of maximum bending. In the present case this 
point is found 14.3 feet from the left end of the stringer 
under the second driver of the locomotive, as shown by 
Fig. 4. 



sdbvGoo^^lc 



Art. I2.J DESIGN OF STRINGERS AND FLOOR-BEAMS. 207 

The reaction at the left end of the stringer for this 
position of the loadii^ is 43,800 pounds; the maximum 
bending moment is then found as follows: 

M*= 43,800 X 14.2 — 10,000 X 13 — 20,000 X 5 ■■392,000 ft.-lbs. 
= 4, 704,000 in.-lbs. 

The dead-load bending moment at the same point. may 
be taken equal to the maximum dead-load bending moment 
at the centre, and is foimd as follows: 

The track is assumed to we^h 400 pounds per linear 
foot, and both stringers and bracing 375 poimds per linear 




foot. The we^ht per linear inch per stringer will then 
be 32.29 poiinds, and the maximum moment 



32.29 X (350)' 



= 494,000 inch-poimds. 



The effective depth of the girder according to the speci- 
fications may be assumed at 30 inches, and since the allowed 
intensity of stress is 10,000 pounds per square inch, the 
required net section will be 



4.704.C 



o + 494,000 



30 X ro.ooo 



[7.3 square inches. 



This flange or chord area will be afforded by two angles 
6X6XA inches, having a gross section of 13 square inches 
-10.7 square inches net, and one cover-plate 14XA inches, 
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having a gross section of 7.9 square inches— 6.8 square 
inches net. Total 17,5 square inches net. 

Length of Cover-plate. 

The lei^th of the cover-plate will be determined by 
assiuning that the bending moment follows a parabolic 
law. If L represents the total length of the stringer, I the 
length of the cover-plate, A the total section of the flange, 
and a the total area of all the cover-plates counting from. 
the outside and including the area of the one under con- 
sideration, then 

Inserting the requisite quantities in the formula, 

^ = 29.2^^-18.3 feet. 

At least 6 inches should be added to each end of the com- 
puted length of a cover-plate in which to place additional 
rivets, so that the plate may actually develop its full 
strength at the section where it is needed. The length 
of the cover-plate in this case will therefore be 19.3 feet. 

Web Plate. 

The maximum shear for both dead and live loads occurs 
at the end of the stringer. The live-load shear with the 
first driver at this, point is 62,500 poimds. The dead- 
load shear is 5700 pounds, thus making the total shear 
68,200 poimds. The working shear in the web plate may 
be taken at 5000 pounds per square inch of gross section. 
The required cross-section will then be 13.6 square inches. 
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and the web plate taken will be 32 x A" — 14.0 square 
inches. According to the specifications, if the shearing stress 
exceeds i2,ooo/[i + (if'/3ooo)], intermediate stiffeners will 
be required. In the present case this formula has a 
value of 1 2,000 /[i + (73.2^/3000)] = 4310 pounds per square 
inch ; whereas the actual intensity of shear in the stringer 
is 5000 pounds per square inch at the ends, with a constantly 
decreasing value towards the centre of the stringer; no 
intermediate stifEeners will therefore be required. The 
■end stiffeners cannot be subjected to a rational analysis; 
in the present case they will be composed of two 6X6 X A 
inch angles, being chosen of such dimensions as to permit 
of making simple connections to the floor-beams. They 
are sometimes designed by requiring that their normal 
section must carry the end reaction with a certain specified 
unit stress (as 7000 pounds per square inch). In this 
-case the normal section is 10.12 inches, and it is ample 
ior the purpose. 



Riveting. 

The following rule will determine the pitch in the flanges 
of a girder, viz., the pitch of the riveting at any section 
of the flanges will be the quotient obtained by dividii^ 
the product of the vertical distance between the rows of 
riveting in the two flanges and the allowed stress in one 
rivet either for shear or bearing, by the maximum shear at 
the section. This rule is readily demonstrated by taking 
the difference between the bending moments at two adjacent 
rivets. 

In the present case the pitch at the ends of the stringer 
will be 

3oX(574oX8o%) 

^^^ ^2.1 mches. 
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At lo feet from the ends the dead-load shear will be 
1925 pounds, and the maximum live-load shear, with the 
first driver over the section, will be 31,300 pounds. 

The pitch at this point will therefore be 

30 X (5740x80%) 

31,300+1925 

The flange rivets have thus far been considered to carry 
the direct horizontal stress only, but those in the upper 
flange must also carry as a vertical load the weight of the 
driving-wheels as they pass. One driver weighing 20,000 



- —4.15 inches. 



V^ i »^ .1. mt t^.- 




Fto. 5. 

pounds may be supposed to be distributed over three ties, 
or over a distance of 3 feet, assuming 6-inch spaces between 
ties 8 inches wide. The greatest effect in increasing the 
pitch will be foimd at the centre of the girder. At this 
point 9 rivets would approximately be required in a dis- 
tance of 3 feet, if the longitudinal stress alone existed; 
and 20,000/4592=4.4 rivets for the vertical load alone. 
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The prop er nxmib er of rivets for this distance of 3 feet 
is then -v/g^ + 4-4^ = 10. It is seen that the effect of this 
vertical loading in increasing the number of rivets is very 
small. The spacing finally adopted is shown in Fig, 5; 
it varies from ij inches at the ends to 3 inches at the 
centre, and more than provides for vertical load effect. 

Rivets in Cover-plates. 

The stress carried by the cover-plate will be 6.8 square 
inchesX ro.ooo pounds = 68,ooo potinds. The permissible 
stress in the rivets will be determined for single shear, 
at 80 per cent, of 5410 pounds — 4328 pounds per rivet. 
Sixteen rivets will be required. They will be placed in 
four rows with 3 inches pitch for a distance of 15 inches 
from the ends of the plate, and 6 inches pitch for the 
remaining distance. 

Rivets on End Connection. 

The rivets fastening the stringers to the floor-beam are 
field rivets, and therefore the allowed intensities of stress 
in them must be reduced one third. 

Two separate conditions affect the niunber of rivets at 
this end connection ; first, the single shear on these rivets 
when one stringer has its maximum reaction, and secondly, 
the bearing on the web of the floor-beam, when the com- 
bined reactions at the two stringer ends resting on the 
floor-beam have their maximum value. For the first case, 
each rivet in single shear will carry 5410X. 8X^ = 2885 
pounds, and with a maximum end reaction of 68,200 pounds, 
there will be required 24 rivets; in the second case, assum- 
ing the thickness of the floor-beam web plate at A inch, 
the bearing capacity of one rivet will be 738oX.8x§ = 
3930 pounds; the simultaneous maximum combined reac- 
. tions of the two stringers will be, for dead load 14,000 
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pounds, and for live load 84,000 pounds (see design of 
floor-beam for these reactions), or a total of 98,000 poiuids; 
there will therefore be required 25 rivets. Thirteen rivets 
will however actually be placed in each 6X6 inch angle, 
making 26 rivets at this ctmnection. 

The bill of material with the weights for one stringer, 
and one half the cross bracing, using that indicated in 
Fig. 5, for which no actual design will be made, may be 
written as follows: 



' " @31.9 - 


aSSO " 


• ■• ®>6.78- 




■ ■' @ II.. - 


ij8" 


• ■• ©,.^8- 


74 " 


■ " @ ,., - 


so" 


...ll«.p»,oo- 


aoo " 


Tota]- 


S!8! " 



4 angles 6X6X A" " 

a cover-elates 14X A" *9'S5 

4 end stifienen 6X6xft" a.6 

4 filling plate* 6X A" 1.6 

ai bracing angles siXjJXft" 9.5 

About 4S° P"irs of I" rivet-heads ,@ 



The actual weight per foot of stringer is thus seen to be 
384 pounds, or 9 pounds per foot more than was assiuned. 
This difference is so small as to require no correction in 
the design, but it is better to have the acttial weight under 
rather than over that assumed'. 

Intermediate Floor-beams. 

The maxinuun live-load floor-beam reaction occurs 
when wheel 5 is placed directly over the floor-beam. Wheels 
I to 4 will then be on one adjoining stringer and wheels 5 to 
9 on the other, making the resulting reaction 84,000 pounds. 

Assuming the dead weight of the floor-beam to be 300 
pounds per linear foot, the dead-load reaction will become: 

Dead weight of one stringer =11,300 pounds. 
Dead wei^t of \ floor-beam = 2,700 " 



14,000 poimds. 
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The sum of the dead- and live-load reactions will then 
be 98,000 pounds. 

The stringers are spaced 7 feet 6 inches apart, and 
since the distance between trusses is 18 feet, the stringer 
is distant 63 inches from the centre line of the truss. 
Therefore the maximum bending of the floor-beam will be 
98,000X63=6,170,000 inch-pounds. Assuming an effect- 
ive depth of 42 inches, the flange area required will be 
6,170,000/42X10,000 = 14.69 square inches. This section 
will be composed of 2 angles, 6X4XJ inches = 9.6 square 
inches gross=8.6 square inches net; 1 cover-plate 14X5 
inches -7 7.0 square inches gross = 6.0 square inches net. 
Total, 14.6 square inches net. 

The cover-plate should have the following length: 



^14.6 



owing to the details at the ends of the floor-beam the upper 
cover-plate will have a length of 12 feet 7 inches and the 
lower a length of 14 feet 9 inches. 

On account of the large ntmiber of rivets made necessary 
at the end connection of the floor-beam, and the consequent 
weakening of the plate, the assumed intensity of shearing 
stress for the web has been taken at 4000 pounds per 
square inch of gross section. The area required will there- 
fore be 98,000/4000 = 24.5 square inches, and a plate 43 X A 
inches = 24.2 square inches will fulfil the requirements. 
No intermediate stiffeners will be required, as the end 
connections of the stringers render end stiffeners unneces- 
sary. The distance from back to back of the flange angles 
will be 43i inches. At the connection of the floor-beam 
to the post, a considerable portion of the web plate must 
be removed in order to leave room for the heads of the 
lower-chord eye-bars. It is therefore customary to cut 
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the web plate at some distance from the end, and to splice 
to it another plate of irregular shape having an equal cross- 
sectional area. The general detail drawing, Plate II, 
illustrates the method adopted in the present case. The" 
central porticm of the web is lo feet la inches long and 
spUced to it at each end by means of two A-inch plates, 
placed over J-inch fillers, is another plate designated on 
the figure as "web 24 inches X A inch X 6 feet 3 inches 
long." To this end web plate are fastened the end stiff eners 
formed of two 6X3iXAinch angles. The end stifEener 
must be divided into an upper and lower part in order to 
allow the upper flange of the floor-beam to abut against 
the post. The lower portion of the end web plate will 
be cut away with rounded edges, to the form required by 
the disposition of the eye-bars, all floor-beams being made 
alike to conform to that post in which the greatest clear- 
ance is required. This edge will be protected by two angles 
3iX3jXi inches, and 3 feet 6 inches long. The lower 
flange of the floor-beam will be connected to the foot of 
the post by a flat plate riveted to both, to provide against 
swaying, and to form part of the lower lateral wind system. 



Riveting, 

Instead of employing the rule used in finding the pitch 
of the rivets in the flanges of the stringers, it will be better 
to divide the amount of stress in the flanges of these beams 
between the post connection and the stringer connection, 
by the allowed stress capacity of one rivet; the quotient 
will determine the number of rivets between these two 
points. For example: 



146,000 
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These are easily provided for in the lower flange, but a pair 
of supplementary angles 6 x 3 J X A inches and 3 feet i J inches 
long must be fastened to the upper flange at its ends in 
order to provide for the requisite rivets to transfer the 
stress from the web plate to the flanges. The rivet design 
of this end connection is not very precise. The rivets 
piercing the spliced central portion of the web plate of 
the floor-beam really aid in carrying the stress through 
the splice-plate to the flanges. It is essential that all 
parts at this point shall be firmly and rigidly tied together. 
The pitch in the central portion of the beam will be 6 inches. 
The number of rivets necessary on each side of the 
splice will be 



7380 X. 8 ''• 

and they will be placed in two rows, as shown in Plate II. 

At least the same number of rivets will be necessary to 
fasten the end stiff eners to the web plate; but since 17 
rivets cannot be placed in one row, the two rows shown 
on the plate will be inserted, even though all those there 
shown are not necessary. The resulting surplus may be 
considered as compensating for the tendency to pull on 
the rivet-heads, due to the deflection of the loaded beam. 

The end stiffeners are connected to the post by field 
rivets. The thickness of the web of the post is three 
eighths inch, but this thickness will be increased by a 
diaphragm which will later be inserted between the channel 
webs, so that the single shear of the rivets determines their 
number. 

The rivets reqiiired will therefore be [98,ooo/C54ioX 
■8X§)]-34- 

The rivets in the cover-plate will be pitched 3 inches 
for a distance of 1 5 inches from the ends of the cover-plate, 
and 6 inches for the remaining distance. 
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A small angle bracket consistii^ of a 3}X35X| inch 
angle, i foot J inch long, will be riveted to the floor-beam 
to form a seat for the ends of the stringer during erection. 
This bracket is used for temporary convenience only, and 
is not supposed to carry any stress after erection. 

It is sometimes customary, if web plates have no splices, 
to take one sixth [or sometimes- one eighth] of the web 
section as acting in either flange. If no rivet-holes were 
punched for the stifEeners, this method would be allowable. 
But such rivet-holes frequently take out considerable 
metal, and as the tension side of the plate only is affected, 
one sixth of the remaining metal ceases to be a proper pro- 
portion. On the whole, therefore, it is better to neglect 
the bending resistance of the web, and allow it to balance, 
so far as it may, the effect of the rivet-holes being out of 
the centre of gravity of the flange angles. 

The bill of material and the weight of the floor-beam 
is given in the following table: 



1 webplate43XA" 

a " plaiesi4XA" 

a flange angles 6X4 Xj" 

I cover-plate 14X 1" 

4 end stiffening angles 6X sjx A*' 

4 *' filIers6xA" 

4 " finiahinganglesjJXsJXj" 

4 splice-plates a^X A" 

4mling plates 30XI" 

4 upper flange, end angles fiXjJX A" .- . 

4 " " fillers6Xl'' 

» " " " 3)Xft" 

4 bracket anglea 31X31X1" 

340 pairs of rivet-heads at a».i lbs. per i< 
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The assumed weight is 5400 pounds, i.e., greater th&.' 
the actual, as it should be. 



Alt. 13.— Specifications for Lateral and Wind Bracing. 

The following specifications apply to the bracing: 

S JO. Allowed unit stress, in tension, for longitudinal, 
lateral, and sway bracing for mind and live-load stresses = 
18,000 pounds per square inch. I 

§ jr. Angles subject to direct tension must be connected 
by both legs, or the section of one leg only will be considered ■ 
as effective. 

§ jj. Allowed unit stress, in compression, for lateral 
struls and rigid bracing =P = 13,000 — 70 l/r for wind stresses, 
where P, I, and r have the same meaning as previously. • No 
compression member, however, shall hcsve a length exceeding 
12^ times its least radius of gyration. Lateral struts, with 
adjustable bracing, will be proportioned by the above formula 
to resist the maximum due either to the wind and load or to 
an assumed initial stress of 10,000 pounds per square inch 
on all the rods attached to them. 

g J5. Members subject to alternate stresses of tension and 
compression shall be proportioned to resist each kind of 
stress. Both of the stresses shall however be considered as 
increased by an amount equal to eight tenths of the least of 
the two stresses, for determining the sectional area by the 
above allowed unit stresses. 

§ 37, The rivets in the lateral and sway bracing will be- 
allowed $0 per cent, increase over usual allowed unit stresses. 

S g4. Where rods are used in the lateral, longitudinal, or 
sway bracing, they shall be square bars, but in no case shall 
they have a less area than one square inch. Rods with bent 
eyes must not be used. 

§ gs- -^'^ through bridges shall have latticed portals, of 
approved design, at each end of the span, connected rigidly 
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to the end posts and top chords. They shall be as deep as the 
specified head room will allow. 

S p6. Where the height of the trusses exceeds 25 feet, an 
approved system of overhead diagonal bracit^s shall be attached 
to each post, and to the top lateral struts. 

§ p7. AH bars and rods in the web, lateral, longitudinal, or 
sway systems must be securely clamped at their intersections 
to prevent sagging and rattling. 



Art. 14. — Design of Upper Longitadinal Wind Bracing. 

The tension members will be formed of angles connected 
by both l^s, so that the full area will become available. 
Tlie following table shows clearly the method of design, 
the allowable unit stress being 1 8,000 pounds per square inch. 































Member. 


PaundB- 


Sihe,. 


Section Adapted. 


Sectioo, 
inSq. Ins. 


'■as- 


ws* 




+ 43,500 


a- 36 


;3J><3^^A"'^'= 


3.88 


2.50 


6 






84 


















i-"x"x'; " 












v,u. 








i-"x"xA" - 












u,u. 


+ 4.700 






a. 09 


t.8i 


' 



These members are connected to the upper chord by 
|-inch gusset-plates. The bearing capacity of one machine- 
driven rivet in this thickness of plate will therefore be 
4920X150 per cent. =7380 pounds, and this quantity deter- 
mines the number of rivets required at the end connections 
as given in column 7, althoi^h all the connections will be 
made uniform with six rivets. The compression members 
at right angles to the axis of the bridge are not designed 
by any exact theory. They will be formed either of cross 
frames or struts, as indicated on the stress sheet, and they 
are more than ample in section to sustain the direct com- 
pressive stresses there indicated; in fact, since their main 
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duty is to stiffen the structure and to cause the two trusses 
to act as a whole, they are made as rigid as the judgment 
of the engineer requires. The portal bracing is designed 
in a somewhat similar way, although tested by computa- 
tions in its various parts. 

The struts will be placed at those points, U4 and t/a 
where the upper chord is continued in a straight line, and 
where there are no inclined web members. They will 
be composed of four angles, each3iX3iXA inches, built 
in I form with double lattice bars 2^x3 inches, and con- 
nected to two gusset-plates, one lying on top of the cover- 
plate of the upper chord and the other fastened to the 
bottom angle of the upper chord. 

The cross frames will be placed at all the other panel 
points. They will be formed of an upper strut, like that 
just described, and a lower strut placed at the upper clear- 
ance limit and formed of four angles each 3jX3§X A inches, 
latticed together in I form by bars aj Xft inches. The lower 
strut will be fastened to the post by means of a ft-inch 
gusset-plate Ijdi^ between two 3iX3XA inch angles, 
two feet long, the latter being riveted to the centre of the 
posts by twelve rivets. Between the two I struts will then 
be placed a compound lattice-work composed of single 
3iX3iXA inch angles tied together at intersections by 
small square plates with five rivets at each crossing and 
fastened to the struts by A-inch gusset-plates, the details 
of which are shown in Plate II. The cross frames are really 
the intermediate transverse bracing, the theory of whose 
design would be determinate if it were not the duty of the 
upper horizontal lateral bracing to transfer all the wind 
load to the upper ends of the end posts. It is possible to 
design the cross frames by ignoring this upper wind bracing. 
Their main function, however, is to stiffen the bridge under 
rapidly moving train loads, rather than to give additional 
stability against wind loads. 
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Art IS.— Design of Portal Bradng. 

The portal bracing will be made as rigid as possible and 
will take the form of a latticed girder placed in the plane 
of the pins of the end posts, as shown in outline on the 
stress sheet. The upper a^d lower flanges will be made 
alike of two 6X4Xt inch angles with a i4Xt inch web 
plate. The two flanges will be tied together by a com- 
pound latticit^ composed -of single sXsJXfinch angles. 
The upper flange will be fastened to the cover-plate of the 
top chord, U1U2, by means of a bent gusset-plate, as shown 
in Plate II; the lower flange will be fastened to the side 
plate of the end post in a mannw similar to that of the cross 
frames. The lower flange will, moreover, be strei^hened 



T \ 

1 



FIG. 6. 

at each end connection by means of a plate and angle bracket, 
composed of a f-inch plate and 3iX3iX|inch armies, as 
shown in Plate II. The outer end of the bracket will be 
supported from the latticing of the portal frame by a 
single 3} X 2i X f inch angle. 

The wind force acting at the upper end of the end post 
is 39,700 pounds. The length of the end post is 46.3 feet 
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and the distance between trusses i8 feet. The increase of 
load on one truss, which acts as if hung at the connection 
point of the lower flange of the portal, will therefore be 
76,500 pounds. ■ The multiple bracing employed produces 
ambiguity in the stresses of the portal members. If the 
assumption be made, as shown in the accompanying figure, 
that the multiple bracing is replaced by a single tension-bar, 
and that the wind reaction is entirely resisted at the foot 
of the leeward post, the stress in the lower flange will be: 
76,500X18 
— , — = 82,200 pounds compression. The allowed 

intensity of stress is P = 15,000— -jol/r, in which I — 216 
inches and r may be taken approximately as 3 inches. 
Then P-8000 pounds per square inch, approximately, 

and the sectional area required will be -^ — = 10.4 square 

inches. 

The actual area will be: 

2 6X4X1 inch angles = 7. 22 square inches. 
1 14XI inch plate "5 25 " " 

12.47 " 

The section adopted is therefore sufficient. 

The stress in the upper flange may be taken to be equal 
to the wind reaction transmitted from one truss to the 
other; its section, although so taken, need not be as great 
as that of the lower flange. 



Art. 16. — Dedgn of Lower Longltodlnal Wind Bractnf . 

Although the inclined web members in this horizontal 
truss may suffer apparently reversal of stress, it must be 
remMibered that the two systems of bracing provide for 
opposite directicois of the wind without such reversal. 
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The specifications in regard to reversal of stresses do not 
therefore become operative. If it be assumed that the 
incUned web members act in compression, they must be 
designed with the prescribed unit compressive stresses. 
As they are fastened at two points to .the stringers and 
at the centre to each other, it may be proper also to assume 
the effective length of a member to be the distance frMn 
its end to the point of intersection with the centre line of 
the stringer, i.e., in this case about iso inches. These 
members will be formed of two unequal le^ed angles, 
with the longer legs vertical and riveted bade to back. 
The following table shows the sections adopted : 



■fer 


Compr«- 


Rkdiusdf 


Allowed 
in Poundi 


m 


Si 


m- 


CooneCTion. 


1 


71,600 

S9.300 
47.700 

S:iS 

17.S00 


1.56 

1.33 


7610 
7610 
7610 
7610 
6170 
6170 




4X4X1" 


6.46 

b.At 
5-7 

5.7 


"i 

4 



It will be seen that the sections adopted for the panels 
near the centre of span are greater than actually needed; 
but since a portion of the duty of these members is to 
stiffen the structiire imder rapidly moving loads their 
section may properly be greater than required by the 
computed stresses. 

The connection of these members to the posts is made by 
a flat plate J inch thick, which in turn is fastened to the 
foot of the post by 3iX3iXf inch angles, as shown in 
Plate II. The amount of stress which these angles must 
carry to the plate is the difference of wind stresses found 
in the two adjacent lower chord panels which has a maxi- 
mum value of 322,000—122,000 — 100,000 pounds at the 
foot of UiL\. 
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The Specifications for wind-bracing riveting show the 

single shearing capacity of one rivet to be 5410X150 per 

cent.X§ = 54io pounds, and the bearing capacity in a 

j-inch thickness of metal to be 4920X150 per cent. X§ = 

4920 pounds. At the foot of U\L\ there will therefore be 

, 100,000 . , , , , , , 

reqiured = 21 nvets; since the two angles inside 

the post dp not afford space for all these rivets, a U-shaped 
plate will be riveted within the post, which will permit 
placing the required ntunber of rivets. At the foot of 
U^2, the maximum stresses carried by the plate will be 
78,000 pounds, and will reqiaire 16 rivets. At the foot of 
1/31.3 the stress will be 56,000 pounds, and 12 rivets are 
required. Plate II shows the disposition of these rivets 
in the angles. The number of rivets connecting the ends 
of the lateral bracing to the plate, as given in column 8 
of the above table, was found in the same way as for the 
upper chord. 

The lower flanges of the floor-beams act as struts in the 
lower lateral system. The i-inch plate which is used as a 
connection at the foot of the posts is sufficiently extended 
to be firmly riveted to the lower flange of the beam. The 
number of rivets necessary may be determined by assum- 
ing that the plate transmits to the floor-beam that com- 
ponent of the stress in the inclined lateral members which 
acts in a direction at right angles to the axis of the chords. 

Art. 17. — Detign of Bedplates, FrictioD-rolleTS, and Pedestals. 

§ 100. All bedplates must be of stick dimensions that the 
greatest pressure upon the masonry shall not exceed 2^0 
pounds per square inch. 

5 loi. All bridges over 75 feet span shall have at one end 
nests of turned friction-rollers running between planed sur- 
faces. These rollers shall not be less than 2\ inches diameter 
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for Spans loo feet or less, and for greater spans this diameter 
shall be increased in proportion of i inch for loo feet addi- 
tional. 

The rollers shall be so proportioned that the pressure 
per linear inch shall not exceed the product of the diameter 
in inches by joo pounds. 

§ 104. Pedestals shall be made of riveted plates and 
angles. All bearing surfaces of the base-plates and vertical 
webs must be planed. The vertical webs must be secured to 
the web by angles having two rows of rivets in the vertical legs. 
No base-plate or web connecting angle shall be less in thick' 
ness than j inch. The vertical webs shall be of sufficient 
height, and must contain material and rivets enough to prac- 
tically distribute the loads over the bearings or rollers. 

Where the size of the pedestal permits the vertical webs 
must be rigidly connected transversely. 

§ 105. All the bedplates and bearings under fixed and 
movable ends must be fox bolted to the masonry; for trusses, 
these bolts must not be less than i{ inches diameter. 

The dead-load reaction at the base-plate is 325,000 
pounds and the live load 430,000 pounds, a total of 

745,000 pounds. The masonry bearing will be — — — = 

3980 square inches. The diameter of the rollers according 

to the specification should be at least 2 J H ■=• 5 J inches, 

but since it is better practice to build segmental rollers the 
diameter of these rollers may be taken at 8 inches- Assum- 
ing then that eight rollers will furnish a proper form of 
dktribution, the number of linear inches of length per 

roller required will be a^ ' ^n ="38.9 inches; the rockers 

will therefore be 8 in number, 8 inches high, 5 inches wide, 
and 4 feet 5 inches long, rolling on a base plate i^ inches 
thick, 4 feet 3 inches X5 feet 6 inches in area. A li-inch 
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plate, 50 inches X 4 feet 6 inches, placed over the rockers 
will form the seat or bedplate for the pedestal proper. 
Both base-plate and bedplate will have riveted to them, 
so placed as to be directly below the centre of the end 
post, a flat bar, 2\ inches x | inch X 4 feet 2 inches long, 
made to fit corresponding grooves turned in the rockers 
to prevent all lateral motion of the rockers or pedestal. 
The rollers will be fastened ijgidly together in their proper 
positions with J-inch clear spacing by a f-inch strap on 
each side 2 feet 3 inches long secxu-ed to the axis of each 
roller by a nut. 

The pedestal must distribute uniformly to the shoe 
or bedplate the vertical load carried by the pin at the foot 
of the end post. For this reason it should be made deep 
enough to prevent appreciable deflection, but not so deep 
as to cause a tendency to buckle the side-plates. A com- 
pletely rational design for a pedestal is practically impos- 
sible. It is treated in some cases as a short plate girder 
tmiformly supported along the bottom and carrying a 
concentrated load at its centre. It is more usual to select 
some tried form of pedestal and adapt it for use in accord- 
ance with good judgment ; this will be done in the present 
case. The side-plates of the pedestal supporting the end 
pin must first be considered. The diameter of this piii 
should therefore be known, and in this instance may be 
assumed to be 7 inches. With an allowable bearing pres- 
sure of 15,000 pounds per square inch, the total thickness 
of the side-plates for one half of one pedestal will be 
745,000/2-^(15,000X7) =3.55 inches. If the main side- 
plates are fastened between two 6X6 xi inch angles, 
J filling-plates will be required above the angles. In 
addition to these two |-inch plates there will then be 
needed two H-inch plates and one J-inch plate, giving a 
total thickness of 3! inches. An additional plate A inch 
thick, called a lap-plate, projecting upward within the 
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end post, will be fastened to the inside of these plates. 
The riveting of these connections is clearly shown in Plate II. 
It will be seen that a A-inch cover-plate and two 3iX3iXf 
inch angles are added to the upper edges of the pedestal 
in order to make it conform in finished appearance to the 
end post. 

The pedestal at the fixed end of.the truss will be exactly 
similar to the- one above described, but the rollers will be 
dispensed with and the difference in height will be provided 
for in the pedestal itself. 

The base-plate, as shown in the figure, will be rigidly 
secured to the masonry by ij-inch anchor-bolts 2 feet long. 
On the outer side of the rollers, a dust-guard of two angles 
and a plate built in Z shape will be connected to the anchor- 
bolts. 

Art. 18. — Dedgn of End FIoor-b«am. 

The end floor-beam, which is fastened to the shoe-plate 
and which carries not only the end stringers, but also the 
short cantilever-brackets supporting the track from the 
abutment itself to the end stringer, still remains to be 
designed. 

The end shear of this floor-beam will be the live-load 
shear of a single stringer, 63,500 pounds, together with an 
estimated dead-load shear of 7500 pounds, or a total of 
70,000 pounds. The maximum moment will then be 
70,000 pounds X 63 inches = 4,440,000 inch-pounds. Assum- 
ing the effective depth of girder to be 54 inches, the required 
sectional area of one flange will be 8.15 square inches, and 
it may be composed of two angles 6X4Xi inch with a 
gross section of 9.6 sqtiare inches and a net section of 
8.6 square inches. 

The web will be a ssJXl inch, plate with an area of 
30.9 sqtiare inches. Allowing a compressive intensity 
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of Stress of 8000 pounds per sqtiare inch in the end stiffeners, 
the area required will be 8.75 sqtiare inches. Two 6X4X J 
inch angles having an area of 9.5 square inches will be used, 
with fillers. 

The end floor-beam rests on and is riveted to a hori- 
zontal J-inch plate, which in turn is solidly united to the 
shoe-plate. To prevent lateral deflection, the upper flange 
of this floor-beam is tied to the end post by means of a 
horizontal bent plate, and in addition a vertical triangular- 
shaped plate is fastened to the end stiffeners and to the 
shoe-plates, as shown clearly by Plate II. The plane of 
the lower lateral bracing does not coincide with the plane 
of the shoe-plate, and to provide a proper connection, two 
6 X 4 X i inch angles are riveted to the web of the floor-beam 
at the proper elevation. 

The end-strii^er bracket is also shown in sufficient de- 
tail in Plate II. The floor-beam is slotted in order to allow 
the tie-plate forming the cover-plate of the bracket to pass 
through it. This tie-plate is riveted to the upper flange 
of the adjacent intermediate stringer, to relieve as much 
as possible the direct stress of tension which may come 
upon the rivet-heads connecting the bracket to the floor- 
beam. 



Art. 19. — Detign of Pins and Joint Details. 

§ 38. Pins shall be proportioned so that the shearing stress 
shall not exceed gooo pounds per square inch; nor the crush- 
ing stress on the projected area of the semi-intrados of any 
member (other than forged eye-bars, see 5 80) connected to 
the pin be greater per square inch than 15,000 pounds; nor 
the bending stress exceed 18,000 pounds, when the applied 
forces are considered as uniformly distributed over the middle 
half of the bearing of each member. 

% j8. The lower chord shall be packed as narrow as possible. 
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§ 80. The diameter of the pin shall net be less than J 
the largest dimension of any eye-bar attached to it* The 
several members attaching to the pin shall be so packed as to 
produce the least bending moment upon the pin, and all 
vacant spaces must be filled with wrought filling rings. 

§ 88. Where necessary, pinholes shall be reinforced by 
plates, some of which must be of the fuU width of the member, 
so that the allowed pressure on the pins shall not be exceeded, 
and so that the stresses shall be properly distributed over 
the full cross-section of the members. These reinforcing 
plates must contain enough rivets to transfer their proportion 
of the bearing pressure, and at least one plate on each side 
shall extend not less than 6 inches beyond the edge of the 
bottom plates (5 57)- 

§ 57. The open sides of all compression members shall 
be stayed by batten plates at the ends. . . . The batten plates 
must be placed as near the ends as practicable, and shall 
have a length not less than the greatest width of the member, 
or /J times its least width. 

§ 5p, Where the ends of compression members are forked 
to connect to the pins, the aggregate compressive strength of 
these forked ends must equal the compressive strength of 
the body of the members. 



In addition to these direct specifications the following 
may be noted: 

5 60. In compression members, i^nitting joints with 

: The following analyas furnishes the foundalion for this specification. If 
the width of an eye-bar be represented by w, and the depth by h (the thickness 
of the head is taken the same as that of the bar), and ii T be the pennissible in- 
tensity of tensile stress, the total stress cauied by the bar will be le-h-T. If 
the diameter of the pin be represented by d and C be the pennissible bearing 
intensity of stress on the pin, then d-vt-C will represent the bearing allowed on 
the pin. The two quantities lo-A-T" and d-w-C should be equal; if the ratio 
of C/T be taken at 4/3, then wkT-dviC and d-z/Ah. 



sdbvGoo^^lc 



AET. 19.1 DESIGN OF PINS AND JOINT DETAILS. 32$ 

planed faces must be sufficiently spliced to maintain the 
par'.s accurately in contact against all tendencies to dis- 
placement. 

§ 61. In compression members, abutting joints with 
untooled faces must be fully spliced, as no reliance will be 
placed on such abutting joints. . . . 



The bending in pins and the allowed bearing of the 
plates on pins are peculiarly related; the larger the 
diameter of the pin, the narrower are the necessary bearing 
surfaces and consequently the smaller are the bending 
moments. If the diameter of the pin be decreased, the 
bearing surfaces must be increased in width. In that 
case the bending moments are increased and the pin 
diameter may have to be increased. It will usually be 
impossible to obtain an economical balance for these 
conflicting conditions throughout the truss without many 
different sizes of pin. It is therefore customary to fix upon 
one size of pin for the lower chord, and another smaller 
one for the upper chord, then test them for bending and 
design the bearii^ surfaces to correspond with the diameters 
so chosen. The packing or arranging of the eye-bars must 
be so chosen as to reduce the bending to a safe minimum. 

Specification £ 80 at once fixes a minimum limit for 
the size of the lower chord pins and also of the pins at the 
upper extremity of the end post at 6 inches ; and the pins 
in the upper chord at 5 J inches. The sizes tentatively 
assumed will be 7 inches for the first set of pins and 6 inches 
for the latter. The bearings of the various members, for 
these sizes of pins are then designed, and then all the 
members at any one point so packed as to produce the least 
practicable bending moment. The "play" or spacing 
allowed in packing eye-bar heads may sometimes be taken 
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as small as A inch to allow for slight imperfections in 
manufacture, but it is usually taken as 1 inch for each 
eye-bar head. This amount may be increased to meet 
the requirements of any special case. The clear distance 
between built members such as chords or posts is usually 
greater; it may be taken as high as i inch. It will be 
found necessary at some connecting points to cut away 
parts of the flanges of channels or angles in built-up members 
on account of the interference of inclined members. If 
this must be done, the remaining part of the member must 
always be tested by computation as to its strength, con- 
sidering it as a short piece in compression. In most cases 
the usual pin-bearing' plates are sufficient to replace the 
metal cut away. The following formula has been much 
used for the purpose of designing such forked portions 
of the ends of posts; 



P J_ 
80006 27' 



(i> 



in which ( represents the total thickness of metal whose 
width is 6 ; P the total load on one jaw of the post (usually 
one half the total load carried by the post or cohunn) 
and / the distu.. x 'rom the centre of the pinhole to the 
last centre line of rivets in the body of the column back 
of the cut in the angle or in the flange of the channel. 
This formula is applicable to steel with ultimate tensile 
resistance running from 60,000 to 68,000 pounds per square 
inch. For higher steel, or for highway bridges, or for 
other structures where less margin of safety may be justi- 
fiable, the value of ( may be made correspondingly less 
than given by eq. (i). 
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Pin-plates in Posts. 

The posts at their lower extremities cany to the pins 
not only their maximum stresses as members of the truss, 
but also the compression due to their acting as supporting 
struts for the floor-beams. It is possible and it should be 
assumed that the maximum post stress and the greatest 
panel load occur together. In the present case this re- 
quires that the lower ends of the posts be reinforced with 
sufficient thickness of bearing plates to carry 98,000 pounds 
in addition to the stresses taken from the stress sheet 
(Plate I). In order that this floor-beam load may be dis- 
tributed uniformly to the pin by both jaws of the column, 
it is necessary that the two sides of the post be riveted 
firmly together to act as a whole ; otherwise the inside jaw 
will carry the greater portion of the load. This is usually 
accomplished by inserting between the two parts of the 
colimin, at the end of the floor-beam, a diaphragm which. 
acts as a continuation of the web plate of the beam. This 
diaphragm will be composed of a J-inch plate riveted 
between four 4X3X1 inch angles. The method of fastening 
is clearly shown in Plate II. 

Member L\Uv — Lower -^r,n'' 

This member needs to be fastened at its lower end 
only to increase the general stiffness of the structure, since 
it is simply a hanger to carry load to the upper panel point. 
The U-shaped plate to which the lower lateral bracing is 
attached furnishes inside pin-plates, but in addition two 
f-inch plates will be fastened to the outside extending 
upward to the bottom of the floor-beam, so that the latter 
may have support diaring erection. 
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Member LtUi — Upper End. 

A i-inch plate, bearing on a 7-inch pin, may cany 
105,000 poiinds. The load to be carried at this point is 
117,000 pounds; therefore 1.12 inch total width of bearing 
will be required. As the webs of the channel are each 
0.375 inch thick, the thickness of pin-plate reqidred would 
be 0.37 inch, but since the net section of the channels 
is reduced by the diameter of the pin, it will be advisable 
to vise two f-inch pin-platea, especially as the vertical 
distance from the top of the pin to the upper extremity of 
the channels is but 6 inches. The net section through 
this point should not be less than two thirds of the transverse 
net section, and the |-jnch pin-plates chosen will satisfy 
the condition. 

Since the allowable stress in the main section is 6000 
potmds per square inch, each pin-plate may be supposed 
to cany 15X8X6000 = 56,300 poimds, and as the rivet 
bearing in a J-inch plate is 4920 pounds, twelve rivets will 
be required. 

Member U^La — Lower End. 

The sum of the dead and live loads carried at this point, 
together with the floor-beam load of 98,000 pounds, may 
produce a total load of 357,000 pounds, or 178,500 potmt^ 
on each jaw of the post resting on a 7-inch pin. A total 
^ 178,500 _ 
105,000 

A J-inch inside, and a ^-inch outside pin-plate, together 
with the A-inch main plate, give a thickness of 1.81 inches, 
and will prove satisfactory. 

Since the bearing value for one rivet in a A-inch plate 
is 7380 pounds, or less than the double shear value, the 
former quantity will determine the number of rivets. It 
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may be assumed that the total stresses carried by the 
different plates are proportional to their thickness ; there- 
fore (| + f)-5-ift =69 per cent, of the total stress must be 
transferred by rivets from the main plate to the pin-plates. 
In this case 0,69X178,500=123,000 pounds; therefore at 
least seventeen rivets will be required; Plate II shows the 
arrangement of plates and rivets. 

Member U2L2 — Upper End. 

The 6-inch pin at this point will carry a bearii^ pressure 
of 90,000 pounds per inch width of plate, the load on each 
jaw of this post being 129,500 poimds, 1.44 inches thick- 
ness of bearing will be required, and this thickness will be 
afforded by the A-inch main plate, with a A-inch outside 
and a J-inch inside pin-plate. The bearing value of one 
rivet in a A-inch plate is 7380 poimds, and the rivets transfer 
63 per cent, of 129,500=81,500 pounds, to the pin-plates, 
hence the reqiared number will be 11. Plate II shows 
the arrangement adopted. 

Member UgLa — Lower End. 

The load carried by one jaw resting on the 7-inch pin, 
including the floor-beam load, will be 101,500 pounds, 
and the thickness required will be ^HM8"0-97 inch. A 
f-inch pin-plate in addition to the |-inch web of the channel 
wiU therefore suffice. The stress transferred to the pin- 
plate will be 63,500 pounds, and as the bearing value of one 
rivet in a |-inch plate is 4920 pounds, thirteen rivets will 
be required. 

Member UzLs — Upper End. 

The thickness of plates for one jaw bearing on a 6-inch 
pin will be |J4H "O-SS inch. A J-inch pin-plate will be 
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riveted to the outside of the channel and the number of 
rivets required will be 6. 

It will not be necessary to repeat these operations in 
detail for the other posts of this truss, the method of 
des^ being precisely the same as those already given. 



Art. 20. — Demgn of Pin Connections of Upper Chord Members. 

As the joint of two adjoining upper chord members 
having different inclinations is alwa)^ at the angle in the 
chord with its plane passing through the axis of the pin, 
it is usually made abutting and riveted so as to make 
the chord continuous. This makes the chord stiffer than 
if the joints were pin-bearing. It has become almost 
the invariable practice, however, to make the joint at 
the top of the end post an open pin-bearing one. Since 
.all abutting faces will be planed, specification % 6o requires 
no splice-plates except those sufficient to prevent dis- 
placement. The only stress transferred from a pin to a 
chord member will then be the resultant, in the direction 
of the chord member, of the maximum stresses in the 
web members meeting at that point, i.e., the increment of 
stress. Sufficient pin-bearing area must be provided to 
carry this increment of stress. 

The joint for adjoining chord members whose axes are in 
the same straight line is never made at a pin, but at some 
. distance from it, on that side away from the centre. This 
procedure is adopted for convenience in erection, which 
usually proceeds from the centre towards the ends. This 
, joint is placed as near the pin as practicable, and in a chord 
20 inches deep, it is usual to have three rows of rivets in 
the splice-plate on each side of the joint; for splices in 
■chords 24 to 30 inches deep four rows are laually inserted. 
At such a joint a batten plate on the bottom and a short 
cover-plate on top are used to strengthen the splice. 
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It has already been noted that the axes of the pins have 
been placed 14J inches below the edge of the cover-plate, 
or 0.7 inch below the centre of gravity of the chord section. 
This tends in some degree to neutralize the flexure due 
to own weight by the counterflexure introduced by the 
increment of chord stress. 

In the bridge under consideration no joint will be 
made at panel points Ut and t/si the members UsUtUs 
and U^UqUs will each be made in single pieces about 59 
feet long, which is entirely practicable. The supporting 
struts which frame into these members at their centre 
points are connected by means of angles, as shown in 
Plate II. The joint for U2 is made 2 feet 4J inches away 
from the centre of U2 and A-inch splice-plates will be 
riveted on the-inside of the side-plates of the chord, with 
four rows of rivets on each side of the joint. A i-inch 
filler is necessary to allow for the difference in thickness of 
plates in the two chord members. The ^-inch outside 
plate will be continued to cover the joint. 

The maximum increment of stress in U^Ut given by 
the web member at U2 is 140,000 pounds, or 70,000 pounds 
for each jaw. The 6-inch pin can transfer this stress 
to the H-inch side-plate, but for increased stiffness and 
solidity a J-inch plate with J-inch filler will be riveted on 
the outside of each jaw. As may be observed, all con- 
nections are made so strong that a member should fail 
rather in its body than at its end connections. 

Connection at U3. 

The maximum increment of stress for the member 
U^Ui at panel U3 in the direction of the axis of UzUt may 
be found graphically from the stresses in the web members 
to be 200,000 pounds. The thickness of each jaw bearing 
on a 6-inch pin must then be at least i.i inches. It will 
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be seen in Fig. 7 that besides the A-inch filler-plate and 
the f-inch lap-plate, a |-inch inside and a |-inch outside 
pin-plate have been used. This is more than the com- 
putations require, but not more than desirable for the 
stiffness of the continuous upper chord. 

Plates corresponding to those riveted to UsUa are 
fastened to U2IJ3 at U^. The outside edges of the main 
side-plates of adjacent members should always be in line. 
In this truss the uniform distance from back to back of 



these plates is 23 inches. The abutting pieces at U^ are 
shown in Fig. 7. 

The stress carried by each plate will be determined by 
multiplying Its thickness in inches by the allowed bearing 
of a 1-inch plate on a 6-inch pin, and this quantity deter- 
mines the number of rivets required in each plate. These 
rivets must be designed not only for single shear for each 
separate plate, but also for the combined bearing of the 
outside plates on the main inside web plate. Where field 
rivets are \ised their stress value is only two thirds that of 
shop rivets. 

If the thickness of pin-plates is large, considerable 
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bending, indeterminate in amount, may take place in the 
rivets, and it is proper on this account to add more rivets 
than those actually required by computation. Moreover, 
since the cover-plate and top angles of the chord section 
receive their stress cumulatively, the pin-plates which 
transfer a part of the stress to them should be made long 
enough to enable this stress to be transferred directly, 
instead of first passing through the main web plate. 

Since there is thus a certain amount of indetermination 
in the transmission of stress in an abutting joint, such a 
joint is not designed strictly according to computations, 
but more or less according to experience tempered by the 
engineer's ju<^ment. The des^ adopted mtist, however, 
always be tested by some method of analysis to determine 
its safety. 

Connection at Ug. 

The pin-plates at this panel point are designed in a 
manner similar to that followed for Ua. The design 
adopted, Plate II, provides abimdant material. 



Art. 31. — Dedgn of Details at Ends of End Post 
Lower Extremity. 

The end connections of LqUi are not abutting, but 
pin-bearing. Hence all the stress in LqUi, 899,000 pounds, 
is transferred to the pin and from that to the pedestal plates. 

A i-inch plate bearing on a 7-inch pin can carry 7 X 
15,000 = 105,000 poimds; therefore a 4.28-inch thickness 
of pin-plate is required for each jaw. There will then be 
added to the main web plates i inch and A inch thick 
respectively, an outside g-inch lap-plate, a |-inch plate 
below this, and a A-inch plate over a i-inch filler. On 
the inside, next to the side-plate, there will be a A-inch 
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plate, and then a A-inch plate; this gives a bearing thick- 
ness of 4^ inches. The following rivets will be required 
in single shear for the various plates; Plate II shows their 
distribution : 



OuUidePUte*. 


I«idePlftl«. 


i-indi lap-pUte la rivets 

1-inch plate. l» ;_' 









Upper Extremity, 

The same-thickness of 4I inches of pin-plate is required 
at the upper extremity as at the lower, but a portion of 
this thickness will be formed of an inside diaphragm, partly 
to avoid the inside pin-plates interfering with the web 
members, and partly for the sake of the additional stiffness 
gained by this form of connection. 

The diaphmgm will be composed of a H-ioch web, with 
four 4 X 3 J X i inch angles, built in the form of a vertical I. 
Two J-inch fillers and two A-inch plates will be added to 
the diaphragm to bear on the pin. Fig. 8 shows clearly 
the dimensions of the pin-plates fastened to the side-plates. 
The computations need not be repeated here, it being 
remembered that one half the diaphragm plate thickness 
should be included in the thickness of one jaw. 

End Connection of UiUa. 

. The connection of U1U2 at Ui is designed in precisely 
the same manner as the end post connection at Ui. The 
stress in one jaw is 429,000 pounds, and 4.1 inches is the 
thickness of pin-plates required. An inside diaphragm 
will again be used, and Fig. 8 shows clearly the sections 
adopted. 
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Since the end post and t/il/z are not riveted together it 
is usual to allow a small clearance between them for ease 
in erection. Fig. 8 shows the clearance adopted. 



It will be seen that open joints are subject to a better 
defined analysis than abutting joints, but they form a 
heavier, more cumbersome, and less rigid connection. 



Art. 22. — Bending of Pins. 

Lower Chord Packing. 

Panel Point Lz. 

The packing of pin La and the computations of the 
bending moments in it will furnish characteristic opera- 
tions typical of all other cases. Fig. 9 shows the disposi- 
tion of the members meeting at L^, the clearances, and 
distances between centres of adjacent pieces and the 
stresses carried by the pieces when LiLi has its maximum 
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stress. The maximuin stresses in all the members meeting 
at one point are not concurrent, since they are caused 
by different positions of the moving load. It becomes 
necessary to test each pin (i) with the maximum stresses 
existing in the web members, and (a) with the maximxmi 
stresses existing in the chord members, (It is sufficiently 
accurate to assume that the same position of loading 
causes the maximum stresses in the two adjacent chord 
members or in the web members converging on the pin.) 




As a rule, the greatest pin-bending in the lower chord occurs 
with the greatest chord stresses, and in the upper chord 
with the greatest web stresses. 

The wind load stresses in the lower chord may be 
neglected as a factor in producing bending in the pins. 

Taking moments about the centre of each piece in Fig. 
9 in turn there is found: 
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HoriionUl Moment. 






+ 151,000 

+ 3I5.000 

+ 383,000 

+ 380,000 " 

+ 144.000 














330,000 inch-pounds 
330,000 











The maximum moment, therefore, occurs at e and is 
equal to 



^383,000* -I- 330,000^ = 505,000 inch-pounds. 

The allowed unit bending stress is 18,000 pounds per 
square inch, and the bending resistance of a 7-inch pin 
is 606,100 inch-poimds. The packing at this point is, 
therefore, satisfactory. 

If the bending be computed when L2C/1 has its maxi- 
mum stress, the vertical component of which is 166,000 
pounds, it is seen that the vertical moment would be in- 
creased slightly, but the horizontal moment would be more 
than correspondingly decreased. The maximiun bending 
moment on the pin occurs in this case, therefore, with the 
maximimi chord stress. 

Other panel points in the lower chord are treated in 
precisely the same manner' Plate II shows the packii^ 
employed. 



Upper Chord Packing. 
Panel Point U3. 
The packing at panel point U3 may be assumed charac- 
teristic of the entire upper chord; Fig. 10 shows clearly 
the spacii^ and also the stresses in the different parts, 
when U3M4 takes its maximum stress. Since the two 
chord members UsUs and t/st/* are abutting and as there 
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M2 DETAILED DESIGN OF A RAILROAD BRIDGE. [Ch. VL 

is practically no eccentricity between them, the resultant 
stress in the web members U^Lz and UzM^ is entirely 
resisted by UzUt, the horizontal and vertical components 
of which are easily found graphically. 

The maximum stress in UsMt is + 294,000 pounds, and 
the concurrent stress in U3L3 is — 86,000 pounds. 

The side-plates of the chord form the supports of the 
ends of the pin, the centre of the supportii^ forces being 




at the centre of the plates, as shown in F^. 10. The 
members causing the bending in the pin are UaMt and 
UaLi, the stress in the latter, —86,000 poimds, being 
wholly vertical. The horizontal and vertical components 
of the stress in one half of UzMt are ; 

H.— + 107,000 pounds 



Fig. 10 shows that the bending moment in the central 
portion of the pin is then composed of 



ra.— i07,oooX»A~ 
' - 99.oooX»A- 



1,000 inch-pounds 

3,oooX3t~ 48,000 inch-poundg 
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Akt. 21.] BENDING OF PINS. 143 

Haice the resultant moment is 

■^221,000 +48,000 =226,000 inch-pounds. 

The allowed bending resistance of a 6-inch pin is 318,000 
inch-pounds. A 6-inch pin is therefore satisfactory at Uz. 

Other upper chord panel points are investigated in 
exactly the same manner. It is desirable to repeat the 
operations in detail for that panel point only at the upper 
extremity of the end posts (Fig. 1 1), and this point will be 




investigated for that position of loading which causes the 
maximum stress in UiLz; the following table shows the 
components of the direct stresses in the members meet- 
ing at Ui for that condition of loading: 



Vertical' Components. 



"A-- 
L.S.. 

ud,. 
iff,.. 
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DETAILED DESIGN OF A RAILROAD BRIDGE. [Cb. VI. 



No essential error will be introduced if it be assumed 
that there is no eccentricity in the line of action of LqUi 
{the end post) and UiUg. The resulting differences 
between their stresses may therefore be taken exactly 
along their centre lines; a part of this stress is carried 
by the diaphragm; in this case about 34 per cent. Fig. 11 
shows the stresses carried at one half of the panel point. 

The resultant moments in inch-pounds are as follows: 



Ceatre of MomenU at 
Centre of 




VmiulUoment 
in Inch-pound*. 


in Inch-ppunda. 




«i 306,000 
«-« aaa.soo 

»-* 103,S<» 


I 415,000 
I 34S.OOO 

I 99.500 








Centre lined truss. . 





The allowed bending resistance of a 7-inch pin is 5o6,ioo 
inch-pounds; and this pin therefore satisfies the require- 
ments at Ui. 

Art. 23. — Camber. 

§ loy. All bridges shall be cambered by giving the panels 
of the top chord an excess of length in the proportion of \ inch 
to every 10 feet. 

In accordance with this specification the following 
table shows the original lengths and the changed lengths 
of the upper chord members. It is seen that the end 
post is not changed in length. 





OriBinsl Lamth. 


Chuised Lenirth. 




a9',_6i" 
ag' a" 




&»■ 


^.M" 


Vj/.^^.......:....::. 




'^ 61" 


?:?;::::::::;::::::::: 


Vfi. 


»»' >1" 
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Art. 04.) CONCLUSION. 345 

No changes are made in the lei^hs of the main web 
members, their final lengths being the same as if no changes 
had been made in the lengths of the upper chord members. 

The stretching of the lower chord panels makes it 
necessary to increase the lengths of jVfgM* and A/sMa to 
an amoimt eqtial to half that stretch. The final length of 
each of these members will then be 29 feet sA inches. 

Art. 34. — Conclusion. 

The principles outlined indicate a s)^tem of rational 
treatment for the des^[n of all parts of a modem truss 
bridge. It is obvious that a wide range of treatment of 
details is permissible in securing the above restdts, and 
those given here are subject to this general observation. 
Other details of equal efficiency might be deagned but 
those given are at least as effective as others which might 
have been used and have served the purpose of illustration 
at least as well. 

A carefully made bill of materials with the resultii^ 
computation of weights would show that the total shipjHi^ 
weight of this 350-foot single track through span woiUd 
be 831,000 pounds. 
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INDEX. 



AncMrage at bases of mfll-bents, 50 

Arch, masonry, funicular pot^^cm as applied to 18 

, moments in any 133 

, tbree-hinged, see Three-hinged. 



Bedplates, design of 223 

Bending, combined, and direct stresses 301 

, of end post 103 

, of supporting columns of roofs. 48 

, in fitta. 219, 239 

Bow's system of notation 5 

Bracing, stresses in wind, of railroad bridge 183 

Biidge-tnus, deformation of a 16S 

, dengnof a lailrgad > 176 



Camber 172, 344 

Cantilever, definition of .' 143 

, moment influence line for. 153 

, on towers. 156 

, reaction influence line for. 152 

, shear influence line for i jo 

, stress influence line for .- 154 

Chatacter of stress, determination of 7, 10 

Chord members, de^gn of :f)5, 188, 193 

, iiifliu'nw line for, any simple truss 96 

, cantilever 154 

, three-hinged arch. 136 

•47 
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Cbord meiabers, stresses in, truss with parallel chords. 77 

web members all iadined. 84 

, trusses with subdivided panels. 106 

Combined stresses zoi 

Composition of displacements i63 

of forces. t 

Contraflesure, point of, in posts 51 

Concurrent forces explained and treated i 

CouDterbiBces defined. 43 

Counter members, design of zoo 

, in subdivided panels. 103 

Coimter-stresses in vertical posts tio, 115 

in web members, broken upper chord truss. 101, i8» 

, three-hii^ed arch 143 

, truss with parallel chords. 76 

Cover plate, length of. 208, 113 

Crane, stresses in ordinary 13 

Crane-truss, distortion of 164 



Dead-load stresses, roottruss 34 

, simple bridge-truss 48, 178 

, three-hinged arch 128 

, web members, truss with parallel chords. 77 

Dead weights ot railroad bridge 177 

of root-trusses 29 

Definition of graphic statics 1 

Deflections of structures, see Displacements. 

Deformation of trusses 160 el seq. 

Design of Parts ot Railroad Bridge: 

Bedplates, rollers, and pedestals. 333 

Camber 244 

Counter web members 200 

Details at ends of end post 337 

End floor-beams. 336 

End post 193 

Floor-beam hangers 194 

Intermediate floor-beams zti 

Lower chord 185 

Lower wind bracing. 31 1 

Main web members, .. . : '. 199 

Pin bending 239 

IS of upper chord. 334 
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Pins and joint deUib 217 

Portal bracmg. 3K> 

Post*. 195 

Stringen ao6 

Upper chord 1S8 

Upper wind bracing. 218 

Displacements, composition of two. 16S 

DispUcement diagram, applied to bridge-truss 16S 



three-hinged arch 173 

, construction of. 161 

Double-intersection trasses, influence lines for 113 

, treatment of 113 

Duchemin's fonnuU for wind components 32 



End post, bending in 303 

, de^gn of 193 

, deagn of ends of. 137 

Equihbiium of concurrent forces 3 

non-concurrent forces. 10 

Equilibrium polygon explained 16 

Equivalent imiform load 94 



Fink roof-trusa 

Flexure and compresaon combined. . 



Flexure in posts of mill-bents 48 

Floor-beams, design of. 112, ii6 

Floor-beam hangers, design of. 194 

Force polygon explained 2 

Funicular polygon, applied to cantilever 146 

, " " three-hinged arch 136 

, explained 16 

, moment polygon t6, 33, 151, 146 

, solution of problems by. 30 et leq. 

, special features of 17 

, to pass through three points. ti6 

H. 

Button's formula for wind components. 32 



sdbvGoO^^lc 



Influence areas. 69i 94 " 

Influence line, between adjacent panel points 78 

, definition of 60 

, for counter-stress in vertical post 110 

, ifor double-intersection trusses 1*3 

, for moments in beams, and simple tnisses 6T,6g 

in cantilevers 15a 

in tbree-tunged arch 136 

, for reactions of simple trusses 60, 6j 

cantilever , 147 

three-highed arch 133 

, for shears, simple trusses. 61, 66 

, cantiiever 150 

, for stresses, in cantilever 154 

, double-intersection truss 133 

, simple truss. 91, 117 

, skew bridge. 1 19 

, three-hinged arch 140 

, trusses with subdivided panels 103 

J- 
Joint details, design of. aa8 



King-post truss, stresses in. 
Knee-brackets, stresses in. .. 



Live-load stresses in railroad bridge, chord members 180 

, web members 181 

Lower chord members, design of 185 

Lower chord wind bracing 121 



Method of moments, bridge-truss 179 

, Finli truss 44 

Mill-bent, stresses in 48 

Moment, by funicular polygon 16 

pie beam 69 

, Warren truss 80 
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Moment in a cantilever. 146 

in three-hinged arcb 131 

infliKDce line lor beam or simple truss 67 

for cantilever. 15a 

for three-hinged arch 136 

for Warren truss 79 

maximum value of, in a beam 69 

of inertia of posts 196 

of upper chord members 191 



Non-coDcuirent forces, force polygon for 13 

members, stresses in three zS, 43, 87 

Notation, E^em of. s 



Panel loads for roof-trusses 

Parallel forces, moment polygon for. . 



Pin connections of upper chord, design of 334 

plates in posts. 131 

Pins, bendii^ of 339 

, de^gn of. . 327 

Pitch of roofs 30 

Pole distance 16 

Pole explained t6 

Portal bracing, design of. 220 

Posts, design of 195 

, counter stresses in no, 115 

Purlins 33 



Radius of gyration of posts 196 

of upper chord member 193 

Rays. 16 

Reaction influence lines, for beam, single load 60 

, series of loads. 63 

, cantilever. 147 

ontower. 158 

, three-hinged arch 133 

Reatdution of concurrent forces i 

Riveting in flanges of girder. 309, 314 
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RoIIen, design trf, for bridge 233 

, for roof-trusses. 30 

Roof covering, weights for. 31 

Roof-tru3ses, dead weight of. 30 

, snow load for. 30 

, stresses in ag tt seq. 

, wind loads tor. 31 



Scales for influence lines. 93> 96> 138 

Shear influence line for beam and simple truss. 61, 66 

for cantilever 150 

Shear, maximum, in truss with parallel chords 74 

, variation of, within a panel jr 75 

Sl^ew bridges 1 1 g 

, influence lines for. 119 

Snow loads for roof-trusses 30 

stresses tor roof-trusse's ^ 36 

Specifications for design of railroad bridge, throughout Chapt^VI. 

Spandrel-braced arch ,, 12S 

Stresses, chord, in railroad bridge .^. iSo 

, in roof-tniss, both ends fastened 33 

, one end on rollers 38 

, influence lines for, cantilever K. 154 

, simple bridge, trusses '. 74 e( seq 

, three-hinged arch ■ .^ 136, I40 

. web 181 

, wind, in railroad bridge .^^^ "84 



Subdivided panels, treatment of 103 

Substitution of diagonals (Fink truss) 45 

Suspension- bridge cable, funicular polygon as 20 



Three-hinged arch. ia6 

, deflection of 173 

, influence line for chord members 1 36 



web members 140 

, moments in 131 

, reactions of laS 

Thrust, in three-hinged arch 130 

, maximum, in three-hinged arch 135 

Tower, cantilever on 156 
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u. 

Unsynunetrical tnisse* 4^ 

Upper chord members, design of 1 8S 

lateral wind tiradug, design of aiS 

,,tt™o,i. .8j 



Variation of influence line nitbin a panel 7S 

s within a panel 83 



Web member, counter, design of. Kio 

, criterion for maximum stress, simple truss 97 

, influence line, cantilever 

, simple truss 91 

, three-hinged arch 140 

, main, design of 199 

, stress in, any simple truss 88, 117 

, double-intersection truss 114 

, skew bridge 119 

, truss with parallel chord 74 

subdivided panels 105 

Weight of railroad bridge. 17S 

of roof covering for ro<J-tiusses 3a 

of roof-truss 30 

Williot diagram, see Di^lacement. 

Wind bracing, design of ktwer. an 

upper. aiS 

, specifications for at? 

Wind loads for roof-trusses 31 

Wind stresses in laitroad bridge 183 
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